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No te rindas, aún estás a tiempo 
De alcanzar y comenzar de nuevo, 
Aceptar tus sombras, 
Enterrar tus miedos, 
Liberar el lastre, 
Retomar el vuelo. 
No te rindas que la vida es eso, 
Continuar el viaje, 
Perseguir tus sueños, 
Destrabar el tiempo, 
Correr los escombros, 
Y destapar el cielo. 
No te rindas, por favor no cedas, 
Aunque el frío queme, 
Aunque el miedo muerda, 
Aunque el sol se esconda, 
Y se calle el viento, 
Aún hay fuego en tu alma 
Aún hay vida en tus sueños. 
Porque la vida es tuya y tuyo también el deseo 
Porque lo has querido y porque te quiero 
Porque existe el vino y el amor, es cierto. 
Porque no hay heridas que no cure el tiempo. 
Abrir las puertas, 
Quitar los cerrojos, 
Abandonar las murallas que te protegieron, 
Vivir la vida y aceptar el reto, 
Recuperar la risa, 
Ensayar un canto, 
Bajar la guardia y extender las manos 
Desplegar las alas 
E intentar de nuevo, 
Celebrar la vida y retomar los cielos. 
No te rindas, por favor no cedas, 
Aunque el frío queme, 
Aunque el miedo muerda, 
Aunque el sol se ponga y se calle el viento, 
Aún hay fuego en tu alma, 
Aún hay vida en tus sueños 
Porque cada día es un comienzo nuevo, 
Porque esta es la hora y el mejor momento. 
Porque no estás solo, porque yo te quiero. 
 
(Mario Benedetti) 
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Siempre pensé que me costaría mucho empezar a escribir estas palabras. 
Igual se supone que al ser un trabajo científico tenga que dar las gracias 
a esas personas que han ayudado con su trabajo a lograrlo, pero  
disculpen mi atrevimiento, el agradecimiento no se da por lo obvio. Para 
que me entiendan, un día hablando en un bar con una amiga debatimos 
acerca de cuándo dejar propina o no a un camarero, y mi razonamiento 
fue el siguiente “Yo no voy a dejar propina a alguien por hacer bien su 
trabajo, yo voy a dejar propina a alguien por hacer algo que no entra en 
sus responsabilidades simplemente por facilitarnos las cosas y hacer el 
ambiente más agradable”. Pues para mí, eso es un agradecimiento y 
aquí tenéis mi propina. 
Paz, me ha encantado formar parte de tu equipo, aprender día a día de ti, 
que me asesoraras en todo momento, me ayudaras, me animaras y me 
tiraras de la orejilla de vez en cuando. Eres una mujer luchadora y 
digna de admiración. Una gran científica y una buena maestra…y 
sobretodo una buena persona. Han sido 5 años de buenas noticias 
profesionales y tú has sido la “culpable” de ello y por eso te estoy 
eternamente agradecida. Y lo mejor de todo, es que sé que a pesar de que 
esta etapa termine, siempre podré contar contigo. 
Recuerdo con bastante nitidez el día que me presenté en el despacho de 
Paz, yo iba atraída por el mundo de la psicopatología y ella me propuso 
hacer una tesina sobre una hormona implicada en el metabolismo y 
supuso para mí un golpe de aire frio. Pero luego mi entusiasmo fue 
creciendo a golpes agigantados gracias a Julie.  Descubrí que esa 
hormona no era tan aburrida como creía y me enseñaste a apreciar todo 
lo relacionado con ella, además de darme una valiosa lección y es que 
“no puedes juzgar aquello que desconoces”. Me abriste las puertas de tu 
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laboratorio en el Hospital Niño Jesús con una sonrisa dibujada en la 
cara, y siempre conseguiste hacer de lo complicado algo sencillo. Gracias 
por estar siempre pendiente y dispuesta a ayudarme. 
Como los buenos artistas, los científicos también tenemos nuestros 
inicios, aunque creo que en nuestro caso no son tan vergonzosos, de 
hecho mis torpes inicios en el mundo molecular los recuerdo con cariño. 
Fueron en el laboratorio de Meritxell, y sin que nadie se ofenda, creo que 
fueron los mejores años de la tesis. Todo era nuevo, apasionante, era un 
aprendizaje constante y de la mano de una gran maestra. Meri sabes de 
sobra lo  que pienso de ti y lo que significas. Has sido profe, mami, 
amiga y complice a lo largo de esta etapa de mi vida y espero que 
continúes presente en las que siguen. 
¿Y qué hay de mi dúo preferido? Álvaro y Ana, mis  corazones 
(ventrículo derecho e izquierdo). A vosotros tendría que escribir un 
ANEXO de este apartado. Que os quiero y que me habéis enseñado a 
esquivar las piedras del camino, que a pesar de avisarme de ellas a 
gritos, si tropezaba, de buena gana me ayudabais a levantarme, me 
abrazabais y animabais para que siguiera sorteando cada una de ellas. 
Y lo mejor de todo, es que mientras hacíais todo eso poníais música al 
recorrido. Han sido unos años de aprender entre risas y chascarrillos 
varios. GRACIAS. 
¿Y los “ángeles de Paco”? Esther y Pilar increíble haberos conocido, haber 
podido compartido tantos y tan buenos momentos en el Hospital. Gracias 
por hacerme un hueco en vuestro ajetreado laboratorio y haberme hecho 
sentir una más del equipo. Espero que me permitáis hacer una pequeña 
distinción entre estos “ángeles”, pero Paqui, la gran Paqui, tú te mereces 
un par de líneas (y hasta páginas) solo para ti. En ese envase pequeñito 
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se esconde una maravillosa persona. Con tu paciencia y saber estar 
conseguiste que me ganara el título de “Western Queen” pero no olvido 
nunca quien me ayudó a conseguirlo. Eres demasiado modesta, y 
nunca lo aceptas, pero esta tesis lleva tu nombre y apellidos, y lo sabes. Y 
liderando a estos angelitos está el maravilloso Paco, un placer conocerte, 
eres de esas personas que se van introduciendo en tu vida sin darte 
cuenta y ya se quedan para siempre. Transmites paz y tranquilidad. 
Gracias por enseñarme a ver el mundo a través de un cristal color de 
rosa. A todos y cada uno de vosotros mil gracias por todo. Os quiero. 
Pero estos no han sido los únicos maestros y científicos que he tenido la 
suerte de conocer y de poder aprender de ellos. Eva y Ricardo, gracias por 
ejercer de hermanos mayores y enseñarme el camino adecuado. Vicente y 
Luis Miguel gracias por estar siempre dispuestos a solventar mis dudas 
y ayudarme en todo lo que necesitaba. Mónica de la Fuente y su 
maravilloso equipo, gracias por aceptarme en vuestro laboratorio y 
enseñarme nuevas técnicas además de transmitirme vuestra pasión por 
la inmunología. Ed Wagner, gracias por invitarme a pasar 6 meses en el 
maravilloso mundo de la electrofisiología en la soleada California.  
Y no todo ha sido aprender en estos años, también ha habido momentos 
de enseñar. Por mis manos han pasado aquellos “mini becarios” a los que 
a todos ellos les tengo que agradecer el haberme enseñado a tener 
paciencia, el haberme obligado a estudiarme bien la lección para podérsela 
transmitir, el obligarme a ser más ordenada en mi caos para dejar cosas 
legibles a mi paso y el hacerme ver, en esos momentos de frustración en 
los que se te olvida que haces en ciencia, que mi trabajo sirve para algo. Y 
entre todos ellos hay dos que merecen especial atención porque no ha sido 
gente de paso, porque se han quedado y porque no solo fueron alumnos 
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sino que se convirtieron en grandes amigos, Ale Freire y Sara Peñasco, 
gracias por ser como sois y por quererme tanto. 
Llevo ya 11 años en Madrid y en ese tiempo he creado una gran familia, 
que han sido mi apoyo incondicional y a los que también los quiero dar 
la propina correspondiente por haberme aguantado todo este tiempo. 
Primero empezaré por los primos biólogos y asociados: Miguel, Sara, 
Felix, Sandra, Giaco, Noé, Noemi, Lore, Eli, Xavi, Sori y Selene, gracias 
por todos los maravillosos momentos vividos, por amenizar mis días por 
hacerme sentir querida y apreciada. Continuaré por mis tías de la 
ciencia: Puri, Yola, Julia, Ali, Isa y demás gente del Cajal, gracias por 
adoptarme en vuestro grupo, sacarme de paseo, llevarme de excursión, 
gracias por hacerme reír. Y finalizo por mis hermanas madrileñas: 
Silvia, Maite A., Maite M., Lucia y Estefi, gracias por el apoyo 
incondicional, los abrazos, las pelis, las risas….por compartir vuestras 
vidas conmigo y en especial Estefanía, gracias por estar siempre ahí para 
todo lo que he necesitado, por abrirme tu corazoncito, por intentar 
entender el mío, por llantos que acaban en risas, por las risas que acaban 
en llanto, por no juzgarme nunca, por enseñarme a quererme, por 
dejarme conocerte…y porque pase lo que pase me has hecho ver que existen 
amistades para siempre. Mil gracias por ser quienes sois. 
Y como no, está última propina a LOS DE SIEMPRE. Pablito, Anita y 
Pa. Siempre dicen que los amigos se eligen y la familia es la que te toca. 
Sinceramente ni yo misma hubiese elegido mejor, asique afortunada de 
que me hayáis tocado así de bien. Esto ha sido una carrera de fondo y 
vosotros ahí habéis estado siempre, en las curvas para darme ánimos, en 
las cuestas para no dejarme que tirase la toalla y en las rectas para 
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darme agua y ayudarme con un empujoncito. Gracias por todo eso y 
todo lo demás. Os quiero. 
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Abreviaturas 
 2-AG: 2-araquidonil glicerol 
 ACTH: hormona adrenocorticótropa 
 AgRP: Agouti-related peptide 
 AMPK: protein kinasa dependiente de AMP 
 ARC: núcleo hipotalámico arqueado. 
 ARNm: ácido ribonucleico mensajero. 
 ATV: area tegmental ventral 
 AVPV: núcleo anteroventral periventricular 
 BDNF: factor neurotrófico derivado de cerebro (del inglés Brain-derived 
neurotrophic factor) 
 CaMKII: calcio calmudina kinasa II 
 CART: neuropéptido tránscrito relacionado con la cocaína y la anfetamina (del 
inglés cocaine-and-amphetamine-regulated transcript) 
 CB1: receptor de endocanabinnoide tipo 1 
 CF: corteza frontal 
 CORT: corticosterona 
 CRH: hormona liberadora de corticotropina 
 DAG: diacilglicerol 
 DPN: día postnatal 
 Dyn: dinorfina 
 EPM: laberinto en cruz elevado, del inglés Elevated Plus Maze 
 FSH: hormona folículoestimulante 
 GFAP: proteína glial fibrilar ácida 
 GH: hormona de crecimiento (del inglés growth hormone) 
 GLT1: Transportador de glutamato tipo 1 
 GnRH: hormona liberadora de gonadotropina 
 GR: restricción del crecimiento intrauterion (del inglés Growth restriction) 
 HC: hipocampo 
 HFD: dieta rica en grasas (del inglés High fat diet) 
 HHA: eje hipotálamo-hipófisis-adrenal 
 HHG: eje hipotálamo hipófisis gonadal 
 HIF-1α: factor inducible a hipoxia (del inglés hypoxia-inducible factor) 1α 
 HRMAS: espectroscopía de resonancia magnética 
 HT: hipotálamo 
 HTr: hipotálamo rostral 
 IGF-1: factor de crecimiento insulínico tipo 1 
 IL: interleukina  
 INF-γ: interferón gamma 
 IRS: proteína sustrato del receptor de insulina 
 JAK: Janus Tyrosine kinase 
 LCR: líquido cefalorraquídeo 
 LH: hormona luteneizante 
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Abreviaturas 
 LTP: potenciación a largo plazo 
 MAGL: enzima monoacilglicerol lipasa 
 MAPK: mitogen-activated protein kinase 
 MBH: hipotálamo medio basal 
 MCH: hormona concentradora de melanina 
 MSH: hormona estimulante de melanocitos 
 NCAM: molécula de adhesión celular neural  
 NK: células natural killer 
 NMDA: N-metil-D-aspartato 
 NO: óxido nítrico 
 NOS: óxido nítrico sintasa 
 NOT: prueba de reconocimiento de objetos, del inglés Novel object test 
 NPY: neuropéptido Y 
 NR-1: subunidad 1 del receptor de glutamato NMDA 
 NR-2A: subunidad 2A del receptor de glutamato NMDA 
 NR-2B: subunidad 2B del receptor de glutamato NMDA 
 Ob-R: receptor de leptina 
 OF: campo abierto; del inglés Open Field test 
 PBMC: células sanguíneas mononucleares 
 PI3-K: fosfoinosítido 3 kinasa 
 PIP2: fosfatidil inositol bifosfato 
 PKA: protein kinasa A 
 PKC: protein kinasa C 
 PLC: fosfolipasa C 
 PN: postnatal 
 POMC: propiomelanocortina 
 PPI: respuesta de inhibición prepulso 
 PRL: prolactina 
 PrRP: péptido liberador de prolactina 
 PSA-NCAM: molécula de adhesión celular neural polisializada 
 PTP: Protein-tyrosine phosphastase 
 PVN: núcleo paraventricular 
 RE: retículo endoplasmático 
 SEC: sistema endocannabinoide 
 SHRP: período de baja respuesta al estrés (del inglés stress hyporesponsive 
period) 
 SM: separación materna 
 SNC: Sistema nervioso central 
 SOCS3: Suppressor of cytokine signaling 3 
 SOD: Superóxido dismutasa 
 STAT: transductor de la señal y activador de la transcripción (del inglés signal 
transducers and activators of transcription) 
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Abreviaturas 
 TCR: receptors de las células T 
 Teff: células efectoras de los linfocitos T 
 TNFα: Factor de necrosis tumoral alpha. 
 Treg: células reguladoras de los linfocitos T 
 TRH: hormona liberadora de tirotropina 
 UCP2: uncoupling protein-2 
 VEGF: factor de crecimiento vascular (del inglés vascular endothelial growth 
factor) 
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Resumen 
Modelos experimentales para el estudio de las acciones 
hipotalámicas y extra-hipotalámicas de la leptina neonatal. 
 
En los últimos años, nuestro grupo de investigación ha caracterizado un modelo de 
estrés neonatal, concretamente un modelo de separación materna (SM) en ratas Wistar 
durante 24h en el día postnatal (DPN) 9. En el estudio de efectos a corto, medio y largo 
plazo de la SM, hemos encontrado modificaciones psiconeuroinmunoendocrinas que se 
manifiestan tanto en la adolescencia como en la edad adulta y en muchos casos de 
manera sexo-dimórfica. En concreto, hemos mostrado como dicho modelo de estrés 
neonatal induce diversas alteraciones comportamentales que afectan a la memoria y 
respuestas emocionales que iban acompañadas de alteraciones a nivel cerebral, tanto en 
hipocampo como en corteza frontal. Además, los animales SM muestran alteraciones a 
nivel metabólico y endocrino tales como una afectación en la ganancia de peso que se 
extiende hasta bien entrada la edad adolescente y modificaciones en diversas hormonas 
como la leptina, la testosterona y la adiponectina. No sólo encontramos alteraciones 
cerebrales en adolescencia y edad adulta, sino ya a los 13 días de edad, en regiones tanto 
hipotalámicas como extra-hipotalámicas. Uno de los hallazgos que más nos llamó la 
atención fue que los niveles de leptina se hayan drásticamente reducidos durante el 
período de separación materna, DPN 9-10, una reducción aún observable a DPN13. 
Recientemente se ha descrito la existencia de un periodo crítico  (DPN5 a DPN10) en 
roedores, durante el cual se da una elevación fisiológica de leptina, con un pico a DPN9, 
que tiene una función neurotrófica sobre el hipotálamo en desarrollo. Se da la 
circunstancia que a DPN9 es precisamente cuando se realiza la separación materna en el 
protocolo que ya hemos descrito arriba. En base a estos datos planteamos como 
hipótesis de trabajo que la SM realizada a DPN 9-10, al reducir drásticamente los 
niveles de leptina en el intervalo crítico que se correspondería con el pico de la oleada 
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fisiológica de esta hormona, interfiere con su función de neuroprogramación y que esta 
interferencia sería responsable, al menos en parte, de las alteraciones del 
neurodesarrollo y comportamentales observadas en los animales SM adolescentes y 
adultos. Ahora bien, hay receptores de leptina no solo en el hipotálamo, sino también en 
otras regiones cerebrales como el hipocampo y la corteza. Por tanto también planteamos 
que la oleada de leptina neonatal podría también ejercer una importante función de 
neuroprogramación, en estas áreas extra-hipotalámicas. En función de las anteriores 
premisas, los objetivos específicos de esta Tesis Doctoral han sido los siguientes: 1) 
estudiar el impacto a corto plazo de la administración de un antagonista de la leptina en 
un período coincidente con el pico de su oleada fisiológica (DPN9) sobre el desarrollo 
del hipotálamo en machos y hembras de 13 días de edad; 2) analizar el impacto a medio 
plazo de la administración de un antagonista de leptina, durante un intervalo de tiempo 
coincidente con la oleada de leptina neonatal (DPN5-9) sobre a) el desarrollo del 
hipotálamo y de regiones extra-hipotalámicas (hipocampo y cortex prefrontal), b) el 
establecimiento de la pubertad, c) niveles hormonales relacionados con la reproducción 
y el balance energético y d) sistema de kisspeptina, en animales macho y hembra 
peripuberales; 3) evaluar el papel restaurador de la leptina administrada durante un 
intervalo que incluye el período de la SM y hasta el DPN 13 sobre a) el desarrollo del 
hipotálamo y de regiones extra-hipotalámicas (hipocampo y cortex prefrontal), b) el 
establecimiento de la pubertad y c) niveles hormonales relacionados con la 
reproducción y el balance energético y d) respuestas comportamentales (ansiedad, 
función cognitiva, comportamiento sexual) y e) sistema de kisspeptina, en animales 
adultos; 4) Estudiar cómo responden los animales SM a un desafío metabólico 
consistente en la introducción en el destete de una dieta rica en grasas.  En todos los 
experimentos se analizaron las diferencias sexuales. Cuando tratamos a los animales 
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neonatales con un antagonista de leptina en el DPN9, observamos, en ambos sexos, un 
bloqueo del transductor de la señal y activador de la transcripción 3 (STAT3; del inglés 
signal transducers and activators of transcription 3) tras un tratamiento agudo con leptina. 
En las hembras observamos un aumento en los niveles de ARNm para el factor 
neurotrófico derivado del cerebro (BDNF; del inglés brain-derived neurotrophic 
factor), para el neuropéptido tránscrito relacionado con la cocaína y la anfetamina 
(CART; del inglés cocaine-and-amphetamine-regulated transcript) y para el receptor de 
leptina (Ob-R), así como en la expresión proteica de nestina y vimentina en el 
hipotálamo. Además, encontramos un aumento en la muerte celular hipotalámica con 
una desviación hacia el balance anti-apoptótico del ratio Bcl2/BAX. En los machos no 
se encontraron ninguno de los efectos anteriormente comentados. Decidimos ampliar el 
estudio anterior, con ligeros cambios en el protocolo (una administración diaria del 
antagonista entre los DPN5-9), hasta el periodo peri-puberal (DPN33 en las hembras y 
DPN43 en los machos). No hubo efectos en la ganancia de peso de los animales 
tratados, pero en los machos se observó un aumento en la ingesta de alimentos, una 
disminución del tejido adiposo subcutáneo y de los niveles de ARNm para NPY y 
AgRP (neuropéptidos orexigénicos), sin verse dichos efectos en las hembras tratadas 
con el antagonista. En ambos sexos, el antagonista de leptina aumentó los niveles 
hipotalámicos de ARNm para el receptor de kisspeptina Gpr54. La expresión de Ob-R, 
factores tróficos y marcadores gliales se vieron alterados en el hipotálamo de machos y 
hembras de una manera sexo dependiente. La producción de leptina en el tejido adiposo 
disminuyó en los animales tratados con el fármaco (tanto machos como hembras), 
dándose en dicho tejido una regulación en la producción de citokinas dependiente del 
sexo del animal. Además, el bloqueo de la oleada neonatal de leptina provocó efectos 
específicos de la región estudiada sobre factores neurotróficos, ya que en la corteza 
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frontal (CF) los niveles de ARNm para IGF1 y para su receptor se vieron disminuidos 
en las hembras tratadas con el antagonista, mientras que en los machos no se observó 
dicho efecto ni tampoco fue observado en el hipocampo (HC) de ambos sexos. La 
disminución en los niveles de ARNm para IGF1 fue acompañada por una disminución 
en los niveles de ARNm para CRH y para Ob-R en la CF de hembras tratadas. Por otro 
lado, el antagonista provocó una alteración en la maduración glial en ambas regiones 
extra-hipotalámicas (HC y CF) de los machos (disminuyó la expresión de vimentina) y 
en el HC de hembras (disminuyó la expresión de NG2 y APC). El sistema 
endocannabionide se vio alterado por el tratamiento con el antagonista ya que vimos 
una disminución en los niveles del receptor CB1 en la CF de hembras y de CB2 en 
ambas regiones en machos. El tratamiento neonatal con el antagonista de leptina 
disminuyó los niveles de sinaptofisina en HC y CF de los machos, además de darse una 
disminución en los niveles de reelina en CF de hembras y NCAM en CF de ambos 
sexos. Por último, el tratamiento también afectó al sistema glutamatérgico con una 
disminución en la expresión de NR1 (subunidad del receptor glutamatérgico NMDA) en 
la CF de machos y en la expresión de GLT1 (transportador de glutamato tipo 1) en el 
HC de hembras. Globalmente considerados, estos resultados indican que un defecto en 
la señalización mediada por leptina en una etapa crítica para el desarrollo, altera el 
efecto de neuroprogramación que parece ejercer esta hormona no sólo sobre el 
hipotálamo, sino también sobre regiones extra-hipotalámicas. Cuando estudiamos el 
efecto de un suplemento de leptina en animales SM observamos los siguientes 
resultados: 1) El tratamiento con leptina disminuyó, aún más, la ganancia de peso en los 
machos SM, pero no en los no separados y tampoco en ningún grupo experimental de 
las hembras; 2) En machos, el tratamiento con leptina normalizó la situación de 
hiperinsulinemia inducida por la SM; 3) La SM mejoró la tolerancia a glucosa en ambos 
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sexos, mientras que la leptina no ejerció ningún efecto sobre dicha respuesta a la 
glucosa; 4) El tratamiento con leptina incrementó los niveles de testosterona en los 
machos coincidiendo con un adelanto de la pubertad en los no separados, mientras que 
en los SM no se dio dicho adelanto en la pubertad. Tanto la SM como el tratamiento con 
leptina modificaron el comportamiento sexual de los machos. En las hembras, la leptina 
normalizó la disminución en los niveles de estradiol de las hembras SM, pero el retraso 
en la pubertad fue observado tanto en hembras SM como en controles. 5) Algunos, pero 
no todos de efectos ocasionados por la SM sobre los parámetros analizados en el HC y 
la CF fueron revertidos con el tratamiento de leptina (ej: expresión de ARNm para IGF1 
hipocampal y expresión proteica de GFAP y vimentina). 6) El tratamiento neonatal de 
leptina, per se, tuvo efectos sobre el comportamiento del animal (incremento en la 
locomoción) y efectos neurales (alteración en la expresión de las siguientes proteínas: 
NG2, NeuN, PSD95, NCAM y sinaptofisina). Todos estos efectos fueron dependientes 
del sexo y de la región analizada. En cuanto a los efectos de una dieta rica en grasas en 
ratas SM encontramos los siguientes resultados. La SM disminuyó en ambos sexos la 
ingesta de alimentos y la ganancia de peso al comparar dichos resultados con los del 
grupo no separado con una dieta normal. Sin embargo, los animales con la HFD no 
presentaron cambios en dichos parámetros debidos a la SM. Por otro lado, la HFD 
provocó una hiperleptinemia en ratas SM a DPN35, pero en ratas controles esta 
hiperleptinemia no apareció hasta el DPN85 en machos y DPN102 en hembras. 
Además, la HFD estimuló la producción de marcadores inflamatorios en el hipotálamo 
de ambos sexos sometidos a la SM. Por último una reducción en la sensibilidad a la 
insulina fue observada únicamente en el grupo de machos SM con HFD. En conjunto, 
estos resultados parecen indicar que los animales SM son más susceptibles a los efectos 
deletéreos de una HFD. 
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En resumen, los efectos producidos por la administración del antagonista de leptina no 
fueron coincidentes con los observados tras la separación materna, lo que nos lleva a 
pensar que, además de la deficiencia de leptina, otros factores inducidos por este estrés 
neonatal contribuyen a los efectos tanto hipotalámicos como extrahipotalámicos de la 
leptina. Esta observación viene apoyada por los experimentos en los que se trató de 
paliar los efectos de la SM mediante administración de leptina en el período neonatal. 
En el experimento con una dieta alta en grasas, algunos de los efectos provocados por la 
SM, se normalizaron al suministrar la HFD, sin embargo, otros efectos de la SM se 
vieron exacerbados. Nuestros resultados sugieren que un exceso en los niveles de 
leptina durante el período crítico perinatal puede ocasionar efectos deletéreos en el 
neurodesarrollo por lo que unos adecuados niveles neonatales de leptina (evitando los 
excesos o deficiencias) parecen ser necesarios para una correcta neuroprogramación. A 
la luz de los resultados obtenidos en el experimento que incluye la administración de 5 
inyecciones diarias en el período DPN9 a DPN13, a saber, ausencia de ciertos efectos de 
la SM observados en otros trabajos sobre este modelo, proponemos que dicha 
manipulación ha podido proteger a los animales separados de la madre, probablemente 
aumentando la cantidad y calidad de cuidados maternos y prevenir algunos de los 
efectos deletéreos de la SM. Los tratamientos utilizados en esta Tesis Doctoral se han 
mostrado válidos para analizar los efectos de neuroprogramacion de la leptina en áreas 
hipotalámicas y extra-hipotalámicas. Los numerosos dimorfismos sexuales encontrados 
abundan en la importancia del factor sexo y en la necesidad de no extrapolar a ambos 
sexos los datos proporcionados por estudios que utilizan un solo sexo en los 
experimentos. 
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1. Leptina: 
La leptina fue descubierta a finales de 1994 (Halaas et al., 1995), lo que impulsó un 
nuevo campo de investigación acerca de su papel como regulador de la homeostasis 
(Fruhbeck, 2006). Es una proteína de 16kDa producida fundamentalmente por los 
adipocitos y su concentración en sangre está correlacionada con la grasa corporal. La 
molécula de leptina consta de 167 aminoácidos en 4 α-helices antiparalelas, conectadas 
por dos largos dominios cruzados y un corto bucle, dispuestos en un paquete helicoidal, 
el cual forma una estructura de dos capas (Fruhbeck, 2006). En humanos la mayoría de 
la leptina circulante, cuya concentración es superior en las mujeres (Saad et al., 1997), 
va unida a macromoléculas séricas, las cuales modulan la bioactividad y 
biodisponibilidad del ligando al tejido diana. La vida media de la leptina en circulación, 
está determinada principalmente por aclaramiento renal, que consiste en la filtración 
glomerular y degradación metabólica en los túbulos renales (Fruhbeck, 2006). Además 
de su producción en adipocitos, también es conocida su secreción en pequeñas 
cantidades, en determinadas circunstancias, por placenta, mucosa gástrica, médula ósea, 
epitelio mamario, músculo esquelético, hipófisis, hipotálamo y hueso (Hsuchou et al., 
2009b, Bouret, 2013). Además de regular el apetito y la grasa corporal, se encarga de 
otras funciones endocrinas, metabólicas, reproductoras, inmunológicas, 
cardiovasculares, funciones respiratorias y participa en la curación de heridas ya que 
estimula el  crecimiento y desarrollo celular (Blüher & Mantzoros, 2015). 
Son bien conocidas las acciones de la leptina en tejido periférico, pero hay claras 
evidencias de que la leptina puede atravesar la barrera hematoencefálica (BHE) y actuar 
en el sistema nervioso central (SNC). Se piensa que dicho transporte a través de la BHE  
tiene lugar gracias a una isoforma del receptor de leptina, aunque existen otras hipótesis. 
Una de estas hipótesis alternativas propone a la megalina, como proteína transportadora 
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de leptina a través de la BHE, ya que actúa como receptor multi-ligando. La megalina 
fue hallada en plexo coroideo y se ha propuesto que una de sus acciones es mediar la 
entrada de leptina al cerebro, además de provocar resistencia a esta en procesos 
neurodegenerativos resultando finalmente en una disminución del ratio leptina en 
líquido cefalorraquídeo (LCR)/leptina en suero (Signore et al., 2008, Valleau and 
Sullivan, 2014). En los últimos años, ha cobrado importancia el estudio de las células 
gliales en cuanto a su implicación en el transporte de la leptina a través de la BHE. Son 
varios los trabajos que avalan una regulación del transporte de la leptina al SNC por 
medio de los astrocitos (Hsuchou et al., 2010; Pan et al., 2011) y como los tanicitos 
podrían funcionar como puerta de entrada de la leptina al SNC (Balland et al., 2014). 
Además el ARNm de la leptina ha sido descrito en numerosas áreas del cerebro, lo que 
sugiere que la leptina pueda ser sintetizada en el propio SNC (Moult and Harvey, 2008). 
Sus efectos en el SNC son muy diversos, actuando sobre células progenitoras neurales, 
precursores gliales y en el desarrollo neuronal. Durante el desarrollo neuronal la leptina 
juega un papel importante, ya que se ha observado una expresión elevada del receptor 
de leptina en el cerebro de roedores neonatales, y una reducción en el peso del cerebro y 
en el contenido proteico de este, son evidencias de una deficiencia o insensibilidad a 
leptina por parte de dichos roedores (O'Malley et al., 2007). Además tiene un efecto 
anti-epiléptico y puede afectar directamente a los canales de sodio y potasio (Hsuchou 
et al., 2009a). Las funciones de la leptina en el SNC mejor estudiadas son las que se dan 
en el hipotálamo, regulando la homeostasis, la reproducción, y ejerciendo una clara 
función moduladora sobre el eje hipotálamo-hipófisis-adrenal (HHA) (Moult and 
Harvey, 2008). El interés en la leptina, inicialmente, estuvo concentrado en los efectos 
de mediación central de la reducción de peso y en las posibilidades de uso como terapia 
en obesidad. Además, esta hormona lleva a cabo su función anorexigénica por medio de 
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la estimulación de la producción de αMSH (Ahima et al., 2004), a partir de 
propiomelanocortina (POMC), y suprimiendo la producción del neuropéptido Y (NPY)  
en neuronas del núcleo arqueado (ARC) del hipotálamo. Recientemente, se ha 
demostrado que los efectos de la leptina no están restringidos solo a núcleos 
hipotalámicos, sino que también ejerce importantes funciones a nivel hipocampal 
(Moult and Harvey, 2008). 
 
1.1 Receptor de leptina: 
El primer receptor de leptina (Ob-R) fue clonado en 1995 a partir de plexo coroideo de 
ratón. Desde entonces, han sido descubiertas seis isoformas de dicho receptor, 
generadas por splicing alternativo del gen ob en roedores (Hsuchou et al., 2009a). Las 
seis isoformas de dicho receptor, han sido nombradas de Ob-Ra a Ob-Rf y tienen en 
común un dominio extracelular de 800 aminoácidos con dos motivos cytokine-like 
receptor y cuatro motivos de fibronectina tipo III, un dominio transmembrana de 34 
aminoácidos (a excepción de la isoforma Ob-Re) y un dominio intracelular variable 
característico de cada isoforma. Las diferentes isoformas se clasifican en tres clases: 
corta, larga y soluble (Fruhbeck, 2006). Elevados niveles de la isoforma larga (Ob-Rb) 
han sido hallados en el hipotálamo, sin embargo las isoformas Ob-Ra y Ob-Rc se 
expresan mayoritariamente en plexo coroideo y microvesículas, donde quizás 
desempeñan un papel en captación o flujo de salida de leptina desde el LCR, además de 
mediar el transporte de leptina a través de la BHE. La isoforma Ob-Re, que presenta un 
dominio intracelular lack, codifica para un receptor soluble en plasma que facilita el 
transporte de leptina en la sangre. En humanos esta isoforma del receptor está 
determinada por distintos factores: sexo, cantidad de tejido adiposo y concentración de 
leptina circulante (Fruhbeck, 2006, Hsuchou et al., 2009b). Se sabe que miembros de la 
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familia de receptores de citokinas son internalizados (véase Figura 1), una vez unido el 
ligando, vía vesículas de clatrina en endosomas tempranos, donde puede llevarse a cabo 
tanto su degradación como su reciclaje de vuelta a la superficie celular. Se ha 
demostrado que en condiciones normales, solo el 5-25% del total de isoformas de Ob-R 
están localizadas en superficie celular, el resto se encuentra almacenado en pools 
intracelulares. Algunos autores indican que en condiciones fisológicas, la isoforma Ob-
Rb es la que más está sometida a down-regulation  mientras que las isoformas cortas del 
receptor son las que sufren mayor reciclaje a la superficie celular (Fruhbeck, 2006). 
En relación a la regulación de las funciones hipotalámicas, los niveles de ARNm de Ob-
Rb son elevados en regiones específicas del hipotálamo encargadas de regular la ingesta 
de alimento y la cantidad de grasa corporal. Hasta la fecha, numerosos estudios han 
hallado altos niveles de ARNm de Ob-Rb en diversas regiones del SNC como son la 
amígdala, el cerebelo, la sustancia nigra, el tronco cerebral y el hipocampo (Moult and 
Harvey, 2008). 
 
Figura 1: Internalización del Receptor de leptina. Representación esquemática de la internalización lisosomal y 
degradación del receptor de leptina vía vesículas de clatrina. Esquema modificado de Frühbeck, (2006).  
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1.2 Vías principales de señalización: 
La isoforma larga del recpetor de leptina, Ob-Rb, es capaz de activar cascadas de 
señalización (véase figura 2), ya que pertenece a la superfamilia de receptores de 
citokinas de clase I asociados a Janus tyrosine kinase (JAKs). La unión del ligando a su 
receptor provoca una transfosforilación de JAK2 y una fosforilación de residuos de 
tirosina del receptor en su domino intracelular. Esto conduce a la activación de varias 
moléculas de señalización, incluyendo a las STATs (signal transducers and activators 
of transcription), a la proteína sustrato del receptor de insulina (IRS), a la fosfoinosítido 
3-kinasa (PI3K) y proteínas adaptadoras asociadas con cascadas de señalización Ras-
Raf-MAPK (mitogen-activated protein kinase).  La activación de STAT3 (relacionada 
con Ob-Rb) induce su propia dimerización, lo que le permite su translocación al núcleo 
celular para así poder llevar a cabo su función en la expresión de genes como  socs3. 
Existe un bucle de retroalimentación negativa donde SOCS3 inhibe la señal de JAK2. 
Además de esto, existe una fosforilación minoritaria provocada por JAK2 en los 
dominios SH2/SH3 de la proteína adaptadora GBR2. Al activarse GBR2 provoca un 
incremento de la actividad de p21
RAS
 y del mitógeno Ras-Raf, activando a la protein 
kinasa MEK. Además de STAT3, PTP-1B (Protein-tyrosine phosphastase) es otro 
regulador importante de la ruta de señalización de leptina. En distintos estudios se ha 
observado como una sobreexpresión de PTP-1B disminuye la fosforilación de JAK2  
bloqueando la transcripción de SOCS3 y c-fos inducida por leptina, mientras que una 
deleción del gen aumentaría la sensibilidad a leptina (Kaszubska et al., 2002). 
Existen dos vías de señalización indirectas llevadas a cabo por la leptina. La isoforma 
Ob-Rb contiene tres sitios de fosforilación de Tirosina que no existen en las isoformas 
cortas. La fosforilación de uno de estos sitios provocaría la inhibición de STAT3, y al 
fosforilarse una segunda tirosina se reclutaría a la fosfatasa SHP2, que formaría un 
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complejo con GRB2, y como consecuencia regularía la actividad de ERK1/2 
encargándose finalmente de la expresión de genes específicos, como c-fos y erg1, los 
cuales participan en la proliferación y diferenciación celular. Por todo ello se podría 
afirmar que la isoforma larga presenta más posibilidades de activar una cascada de 
señalización de una forma más eficaz y rápida (Benomar et al., 2005, Fruhbeck, 2006, 
Moult and Harvey, 2008, Signore et al., 2008).  
 
Además de la activación de las vías MAPK/ERK1/2 y STAT3, los receptores de leptina 
juegan un papel como componente en la vía de señalización de insulina. Esto no debería 
sorprendernos ya que tanto la leptina como la insulina son reguladores de la ingesta y la 
homeostasis energética. Por ejemplo, de manera similar a la leptina, la insulina 
suministrada intracerebroventricular reduce la ingesta y la grasa corporal en ratas 
(Benomar et al., 2005; Arase et al., 1988). 
 
La unión de la insulina a su receptor provoca la fosforilación  de IRS1, desencadenando 
con ello la activación de las vías MAPK y PI3K, cuya consecuencia es la activación del 
factor de supervivencia AKT/PKB. Una de las evidencias que marcan la relación entre 
ambas vías de señalización es la existencia de un link funcional entre la leptina y PI3K, 
ya que se ha observado como la anorexia inducida por leptina puede ser revertida con el 
uso de inhibidores de PI3K (Benomar et al., 2005, Signore et al., 2008). 
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Figura 2: Fosforilación de Ob-Rb por leptina. JAK2 asociada al receptor por un motivo box1. La isoforma larga del 
receptor de leptina (Ob-Rb) contiene tres residuos importantes de tirosina (Tyr985, Tyr1077 y Tyr1138). Esos 
residuos fosforilados de tirosina son un sitio de unión para proteínas con dominios SH2. El residuo 1138 recluta al 
factor de transcripcioón STAT3, mientras que el 1077 recluta a STAT5, los cuales son  fosforilados por JAK2, 
dimerizados y translocados al núcleo, donde induce la expresión de SOCS3 y POMC (pro-opiomelanocortina), 
mientras impide la expresión de AgRP (agouti-related peptide). Las proteínas SOCS inhiben la señal de leptina por 
unión a proteínas JAK fosforiladas o por interacción directa con los receptores tirosin-fosforilados. SOCS3 al inhibir 
la fosforilación estimulada por leptina actúa como un mecanismo de feedback negativo en este sistema de 
señalización. Por otro lado JAK2 puede desencadenar la fosforilación y activación de otras rutas de señalización 
como son la protein kinasa activada por mitógeno (MAPK: ERK1/2) o la fosfoinositoil-3-fosfato (PI3K) a través de 
la fosforilación del sustrato receptor de insulina (IRS). Esquema modificado a partir de figura 1 de Park and Ahima 
(2014).  
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1.3 Otras cascadas de señalización: 
Además de las vías de señalización anteriormente indicadas, existen claras evidencias 
de la relación de la leptina en la activación de otras cascadas de señalización (Véase 
Figura 3). 
Es conocida la implicación de la leptina en la patogénesis de complicaciones 
cardiovasculares relacionadas con obesidad. Atendiendo a la similitud morfológica y 
fisiológica existente entre el óxido nítrico (NO) y la leptina, podemos hablar de una 
relación funcional establecida entre ambas. Se ha comprobado que la administración de 
leptina provoca un incremento en la concentración de NO en suero. Además  se ha 
observado como el NO facilita la lipolisis inducida por la leptina. Como función 
reguladora de la homeostasis llevada a cabo por la leptina, se conoce que esta se encarga 
del tono vascular estimulándolo, al contrario de lo que provoca el NO. Hay evidencias 
acerca de la relación de la leptina con la regulación de la presión sanguínea, ya que la 
inhibición de angiotensina II, inducida por un aumento de calcio intracelular y la 
vasoconstricción provocada por la leptina, se da gracias a un mecanismo dependiente de 
NO. Se ha demostrado que la producción de leptina inducida por NO en adipocitos 
blancos es debido a la activación de PKA y MAPK (Vecchione et al., 2002). Los 
efectos angiogénicos de la leptina (Véase figura 4) sugieren otras posibilidades en las 
rutas de señalización. Una de estas posibilidades es que la leptina contribuye a la 
formación de nuevos vasos sanguíneos necesarios cuando el volumen de grasa aumenta. 
De hecho, una resistencia a la leptina debida a la obesidad regularía a la baja las rutas de 
señalización Src/PI3K/Akt provocando un aumento en los niveles de VEGF (vascular 
endothelial growth factor) y activando con ello procesos angiogénicos en los adipocitos 
(AL-Suhaimi EA. & Shehza A.,2013).  
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Figura 3: Vías de señalización reguladas por leptina. Diagrama esquemático que resume las vías de señalización en 
las que se ve involucrada la leptina. DGK: diacilglicerol quinasa; PG: prostalglandina; PLC: fosfolipasa C; ROS: 
especies reactivas de oxígeno. Esquema modificado a partir de Frühbeck, (2006). 
Hay que tener en cuenta de que la leptina no solo es secretada en circulación, sino 
también localmente sobre células endoteliales, asegurándose con ello un apropiado 
balance entre la sangre y los depósitos de grasa (Fruhbeck, 2006). Como factor 
angiogénico, la leptina podría reclutar vasos sanguíneos en algunos tipos de cáncer 
pudiendo acelerar la enfermedad ya que tanto el tumor en crecimiento, como la 
formación de metástasis dependen del establecimiento de nuevos vasos sanguíneos. Se 
ha establecido que la relación entre la leptina y los efectos angiogénicos, puede deberse 
a que uno de los factores promotores de la angiogénesis sea HIF-1α (hypoxia-inducible 
factor 1α). Este factor es activado por las vías PI3K/Akt y MAPK/ERK en condiciones 
de hipoxia. Una vez activado, es translocado al núcleo celular para unirse a genes pro-
angiogénicos como VEGF. En diferentes estudios, se ha demostrado que tanto VEGF 
como STAT son sensibles a diversos estresores celulares estimulados por la síntesis y 
secreción de leptina (Dudley et al., 2005). 
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Figura 4: Activación de la angiogénesis en individuos obesos por  aumento de VEGF debido a la  obstrucción de las 
rutas Jak/Stat3/PI3K.  Esquema modificado de la figura 1 de AL-Suhami et al., (2013). 
 
2. Funciones de la Leptina: 
2.1 Función metabólica de la leptina: 
Una de las funciones más importantes y conocidas de la leptina es la regulación de la 
ingesta alimentaría, pudiendo modular la percepción del gusto a través de una acción 
directa sobre el receptor Ob-Rb presente en células que expresan receptores sensibles al 
sabor dulce. Estos receptores están altamente expresados en áreas involucradas en el 
comportamiento alimentario, afectando a la búsqueda de alimento por modificaciones 
en aspectos hedónicos y motivacionales de recompensa, ansiedad y preferencia de 
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alimentos. Además, la leptina no solo regula la homeostasis energética actuando en el 
SNC, sino que es capaz de aumentar el metabolismo basal por estimulación del sistema 
nervioso simpático y la secreción de hormonas tiroideas provocando un aumento del 
gasto energético (Reidy  et al., 2000). 
Se ha demostrado, en estudios con animales, que el uso de leptina en individuos obesos 
ayuda a la reducción de la grasa corporal (Halaas et al., 1995). Sin embargo, la obesidad 
está normalmente relacionada con altos niveles de leptina en plasma, lo que indica una 
resistencia a los efectos de esta en cuanto a la disminución en la ingesta y el aumento de 
gasto energético que finalmente se traduciría en una reducción de la grasa corporal. La 
contribución de esta resistencia en obesidad, ha sido establecida a partir de 
observaciones en animales y humanos con hiperleptinemia, que tenían una respuesta 
deficiente a la administración de leptina exógena. A pesar de esto, aún se desconocen a 
ciencia cierta los distintos mecanismos moleculares y celulares que operan en dicha 
resistencia. Esta resistencia a la leptina y la patogénesis asociada han sido estudiadas en 
modelos animales de ratones obesos. En este modelo, ratones sometidos a una 
alimentación rica en grasas terminaban por convertirse en animales obesos con 
hiperleptinemia. Estos ratones obesos con el tiempo perdían la facultad de disminuir su 
ingesta alimenticia y peso corporal al utilizar como tratamiento leptina exógena. En los 
estadios más tempranos de la obesidad, estos ratones desarrollan una resistencia a la 
leptina a nivel periférico, pero no central, esto ha sido atribuido a la down-regulation o a 
la saturación del sistema transportador de leptina a través de la BHE. Tras una 
prolongada exposición a una dieta rica en grasas (HFD; del inglés high fat diet), los 
ratones desarrollan una resistencia a la leptina a nivel central, lo que se demuestra por la 
administración de leptina intracerebroventricular. Lo primero que se observó en estos 
animales, es que las neuronas que respondían a la leptina habían perdido su capacidad 
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de activar las vías intracelulares del receptor de leptina (Knight et al., 2010). Para 
contestar a la pregunta de cómo una HFD podrá afectar a la sensibilidad de estas 
neuronas se propusieron dos modelos. Según el primero, la resistencia a la leptina se 
debería a un aumento de esta en el plasma, lo cual provocaría una sobre-estimulación 
crónica de sus receptores, y una activación de las vías de retroalimentación negativas 
que bloquean la señalización por leptina. Este modelo es apoyado por el hecho de que la 
leptina estimula la expresión de SOCS-3, una proteína que inhibe de forma directa la 
señalización por esta hormona. Además la expresión de una forma constitutivamente 
activa de STAT3 es suficiente para generar resistencia a la leptina en el hipotálamo, ya 
que media en su vía de señalización. Este mecanismo es análogo a la reducción de la 
señal mediada por el receptor de insulina asociado a un tratamiento crónico de insulina, 
y cuyo resultado es la activación de un feed-back negativo de las vías, como la 
fosforilación de residuos de serina en IRS-1 (Moraes et al., 2009, Knight et al., 2010). 
Una explicación alternativa al desarrollo de resistencia a leptina en una HFD, sería por 
una activación de procesos celulares, como estrés en retículo endoplasmático (RE) e 
inflamación en neuronas sensibles a leptina (Hosoi et al., 2008; Ozcan et al., 2009; Won 
et al., 2009). Este modelo es apoyado por el hecho de que la modulación genética o 
farmacológica del metabolismo de grasas en el hipotálamo, influye en el balance 
energético y en la sensibilidad a la leptina en esta área del cerebro (Kleinridders et al., 
2009; Milanski et al., 2009). Además, se ha demostrado por diversos estudios, que la 
resistencia a leptina se desarrolla con más fuerza en el núcleo ARC hipotalámico 
(Thaler et al., 2010; Wisse et al., 2009). Esto ha sido comprobado con estudios en 
ratones, a los que se les sometía a una HFD, y cuyo resultado era que dichos animales 
aumentaban la ingesta energética, posiblemente debido a la resistencia a leptina que 
desarrollaban en dicha región cerebral (Knight et al., 2010). El hipotálamo juega por 
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tanto un importante papel en la homeostasis energética, sobretodo el núcleo ARC donde 
se encuentran una serie de neuronas que  presentan diversos receptores para hormonas 
circulantes encargadas en la regulación del apetito y del gasto energético como son la 
leptina, la ghrelina y la insulina (Véase tabla1). Las neuronas de primer orden 
hipotalámicas se encargan fundamentalmente de detectar los cambios circulantes en 
factores metabólicos como la leptina e la insulina. Dentro de estas neuronas, las hay de 
dos tipos: neuronas catabólicas que producen POMC/CART 
(propiomelanocortina/cocaine-and-amphetamine-regulated transcript) y neuronas 
anabólicas que producen NPY/AgRP (Neuropeptide Y/Agouti-related peptide) (Moraes 
et al., 2009, Granado et al., 2012). Las neuronas anabólicas se concentran en el núcleo 
ARC ventromedial, adyacentes a las neuronas POMC, y son inhibidas por leptina e 
insulina. Se ha observado que una administración central de NPY aumenta la ingesta 
alimentaria y disminuye el gasto energético en roedores, por lo que una infusión crónica 
promovería la ganancia de peso. Estas funciones son llevadas a cabo por la acción de 
NPY sobre sus receptores Y1 e Y5. 
 
Tabla 1: Señales reguladoras de la ingesta en el hipotálamo. NPY: Neuropéptido Y; AgRP: Péptido relacionado 
con agoutí; POMC: Proopiomelanocortina; CART: Transcrito regulado por cocaína y anfetamina; CRH: 
Hormona liberadora de corticotropina; α-MSH: Hormona alfa estimulante de los melanocitos. 
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Por otro lado, AgRP es un antagonista competitivo de la melanocortina y ejerce su 
acción sobre los receptores de melanocortina MC3-R y MC4-R (encargados de la vía 
catabólica), por lo que es capaz, junto con las neuronas NPY, de activar una vía 
anabólica, a la vez que inactivan la catabólica (Geary, 2014). Dentro de las funciones 
anabólicas llevadas a cabo por dichas neuronas se observan diferencias debido a su 
cinética orexigénica. Todo esto fue demostrado por estudios en los que se observaba que 
una única inyección de NPY en los ventrículos cerebrales ocasionaba un incremento 
marcado en la ingesta alimentaria, mientras que administrando AgRP se daban 
aumentos moderados en la ingesta, pero por un tiempo más prolongado (Cheng et al., 
2008, Mendieta-Zeron et al., 2008). Ambos grupos de neuronas (NPY/AgRP y 
POMC/CART) mandan proyecciones a otros núcleos hipotalámicos como son el 
paraventricular (PVN), el ventromedial, el dorsomedial y el lateral (Véase figura 5), los 
cuales participan también en la regulación de la ingesta. Las proyecciones de las 
neuronas POMC y NPY/AgRP realizan conexiones monosinápticas con neuronas del 
hipotálamo lateral que expresan neuropéptidos anabólicos como la hormona 
concentradora de melanina (MCH) y las orexinas A y B. Esta región del hipotálamo al 
estimularse provoca hiperfagia y obesidad (Cheng et al., 2008, Mendieta-Zeron et al., 
2008, Geary, 2014). Otras proyecciones de dichas neuronas llegan al PVN del 
hipotálamo que presenta una comunicación directa con la corteza cerebral. El PVN 
participa en la transducción de la señal de leptina, para modular el apetito, junto con el 
hipotálamo lateral. Además, el PVN transmite sus estímulos catabólicos a neuronas 
hipofisarias que expresan la hormona liberadora de tirotropina (TRH), la hormona 
liberadora de corticotropina (CRH) y oxitocina (Cheng et al., 2008, Mendieta-Zeron et 
al., 2008). 
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Existen áreas extra-hipotalámicas, como es el área tegmental ventral (ATV) y el núcleo 
del tracto solitario, involucradas también en el balance energético ya que reciben 
señales del tracto gastrointestinal a través del nervio vago (Haines et al., 2009). 
 
 
 
Figura 5: Conexiones entre los distintos núcleos hipotalámicos y la influencia de la leptina y su receptor (Ob-Rb) 
sobre estos. ARC: Núcleo arqueado; DMN: Núcleo dorsomedial; LHA: Hipotálamo lateral; PVN: Núcleo 
paraventricular; VMN: Núcleo ventromedial; BBB: Barrera hematoencefálica, VTA: área tegmental ventral. 
Esquema modificado a partir de la fig.1 de Stieg et al., 2015. 
 
Las principales características del comportamiento alimentario están relacionadas con 
inputs de palatabilidad y refuerzo de la comida, pudiendo anular las señales de saciedad. 
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Estos neurocircuitos hedónicos incluyen el núcleo acumbens, el globo palido ventral, el 
ATV, y áreas corticales como la corteza prefrontal que convergen, todas ellas, en el área 
lateral hipotalámica (Cota et al., 2006; Szczypka  et al., 2000). 
 
2.2 La leptina y su relación con la función reproductora: 
Como el resto de funciones fisiológicas, la reproducción depende de las reservas 
energéticas acumuladas en el tejido adiposo. La importancia de dicho requerimiento 
energético se basa en asegurar una evolución correcta del embrión durante el embarazo. 
En este contexto, la leptina actúa regulando la maduración del ovocito, el desarrollo 
embrionario y la implantación placentaria (Vazquez et al., 2015). Son varios los 
estudios que muestran la relación entre el control de las funciones reproductoras, 
llevado a cabo por la leptina, y la activación hipotalámica de STAT3. La fosforilación 
del residuo Tyr1077 promueve el reclutamiento y la activación transcripcional de 
STAT5, necesario para la función reproductora. Existen otras vías de señalización 
intracelular activadas por leptina y relacionadas con la reproducción como son la 
activación de la PI3K y la consecuente inhibición de la proteinkinasa dependiente de 
AMP (AMPK) (Pinilla et al., 2012). La explicación de cómo la leptina podría verse 
implicada en la función reproductora podría ser la íntima relación existente entre esta 
hormona y el eje Hipotálamo-Hipófisis-Gonadal (HHG), donde la leptina estaría 
informando en todo momento del estado metabólico a dicho eje (Pinilla et al., 2012, 
Carlton et al., 2014). Uno de los reguladores primarios del eje HHG es la hormona 
liberadora de gonadotropina (GnRH) secretada por células hipotalámicas y directamente 
implicada en los procesos relacionados con el establecimiento de la pubertad. La mayor 
parte de estas células residen en el área preóptica hipotalámica y secretan la hormona en 
los vasos portales de la hipófisis, controlando en esta región la producción de la 
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hormona luteneizante (LH) y la hormona folículo-estimulante (FSH) (Pesant et al., 
2012, Pinilla et al., 2012, Leshan and Pfaff, 2014). En estudios con ratones ob/ob 
(deficientes en leptina) se ha observado una atrofia en los órganos reproductores, así 
como un estado de infertilidad en estos ratones. Al tratar a estos animales con leptina 
exógena se observó una correcta secreción de gonadotropinas, que llevó a la mejora de 
la función reproductora. En humanos, se ha observado como pacientes que presentan un 
déficit de leptina no alcanzan la madurez sexual y presentan bajos niveles plasmáticos 
de LH y FSH. El inicio del ciclo menstrual y de la función reproductora en las mujeres 
sugiere la existencia de un umbral crítico en la concentración de leptina (Tena-Sempere, 
2013), la cual alcanza su máximo nivel en la fase lútea cuando los estrógenos y la 
progesterona están elevados (Valleau & Sullivan, 2014). 
Como se ha comentado anteriormente, la leptina ejerce una estimulación directa sobre el 
eje HHG aumentando la secreción de GnRH en neuronas del núcleo ARC del 
hipotálamo de una manera dosis dependiente. Sin embargo, las neuronas GnRH del área 
preóptica no expresan Ob-Rb, lo que indica que la leptina regula a estas células de 
manera indirecta por activación de ciertas interneuronas y la secreción de neuropéptidos 
como son NPY, POMC y kisspeptina (de Mello et al., 2012, Pinilla et al., 2012, Tena-
Sempere, 2013). 
En los últimos años se está investigando el sistema kisspeptina en relación con las 
funciones reproductoras. Las kisspeptinas son una familia de péptidos codificados por el 
gen kiss1 que actúan uniéndose a un receptor acoplado a proteína G (GPR54), y cuya 
función principal está asociada a la reproducción, aunque inicialmente se relacionaron 
con la supresión de la metástasis tumoral. Las kisspeptinas derivan de distintos procesos 
proteolíticos a partir de un mismo precursor (prepro-kisspeptina) compuesto de 145 
aminoácidos (Véase figura 6). De hecho, la proteólisis de prepro-kisspeptina origina el 
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péptido más abundante de dicha familia (kisspeptina-54), que originalmente fue llamado 
metastina por su capacidad inhibitoria de los procesos de metástasis tumoral. Por otro 
lado, han sido descubiertos distintos fragmentos de este precursor que comparten el 
COOH terminal de kisspeptina-54, donde se encuentra un motivo Arg-Phe-NH2 
característico de la familia RF-amida. Esta familia está compuesta por una serie de 
péptidos neuroactivos, muchos de los cuales han sido caracterizados en mamíferos: 
neuropéptidos FF y AF, péptido liberador de prolactina (PrRP), 26/43 RFa (también 
denominado QRFP43) y los péptidos relacionados con RF (RFRP-1 y RFRP-3). Hay 
que tener en cuenta que no solo las kisspeptinas regulan el sistema de gonadotropina; 
también PrRP, 26RFa y RFRP-3 se encargan de dicha función (Pita et al., 2011, Pinilla 
et al., 2012). 
La relación del sistema kiss1 con la reproducción fue documentada en 2003, cuando los 
grupos de Roux en París y Seminara en Boston y Cambridge observaron una deleción o 
inactivación del gen del receptor GPR54 en pacientes que presentaban formas 
esporádicas de hipogonadismo, con un desarrollo puberal alterado, una secreción de 
gonadotropinas deficiente y una marcada infertilidad. La principal ruta de señalización 
por la que opera dicho sistema es la de MAPK (Véase figura 7), donde el ligando al 
unirse al receptor GPR54 provoca un aumento de los niveles intracelulares de calcio, 
desencadenando la activación de la fosfolipasa C (PLC) y la consecuente hidrólisis de 
fosfatidilinositolbifosfato (PIP2), estimulando la formación de diacilglicerol (DAG) y 
activando la proteinkinasa C (PKC) encargada de fosforilar a MAPK (Kotani et al., 
2001; Ringel et al., 2002; Stafford  et al., 2002). En varios estudios se ha demostrado 
que tanto Kiss1 como GPR54 se expresan en diversas áreas cerebrales del ser humano 
como son los ganglios basales, la amígdala, la sustancia nigra, el hipocampo y el 
hipotálamo. Con diversos modelos realizados en ratas se ha demostrado que existen dos 
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importantes poblaciones neuronales del sistema kiss1 en el hipotálamo (Véase figura 8). 
Una de estas poblaciones está situada en el núcleo ARC, y estas neuronas, además de 
kisspeptinas, expresan NKB, su receptor (NKB3R) y dinorfinas (Dyn), de ahí que se 
propusiera denominar a esta población KNDy. La otra población mayoritaria de 
neuronas kiss1 está situada en el núcleo anteroventralperiventricular (AVPV) del 
hipotálamo, que presenta un dimorfismo sexual ya sea en ratas adolescentes o adultas. 
Se ha descrito la existencia de un feedback positivo sobre el sistema kiss1 provocado  
 
 
Figura 6: Principales características estructurales de las kisspeptinas, productos del gen kiss1. Las diferentes 
kisspeptinas son generadas a partir de la proteólisis de un precursor común, denominado preprokisspeptina, 
codificado por el gen kiss1. En humanos el gen kiss1 está compuesto por 4 exones, el primero de los cuales es un 
exón no codificante. El preprokisspeptina humano está compuesto por 145 aminoácidos, con un péptido señal de 19 
aminoácidos y una región central de 54 llamado kisspeptina-54 (Kp54 o metastina). Existen formas de menor peso 
molecular como son la Kp14, Kp13 y Kp10, la última corresponde a la región COOH terminal común en todas y que 
forma el llamado motivo RF, el cual es necesario para la activación de GPR54. Esquema modificado a partir de la 
figura 2 del artículo “Kisspeptin and reproduction” (Pinilla et al., 2012). 
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por esteroides sexuales en cuanto a procesos pre-ovulatorios en roedores, cosa que aún 
está por demostrar en el resto de los mamíferos, lo mismo ocurre con las proyecciones 
observadas entre las neuronas kiss1 de AVPV y las neuronas GnRH. En estudios de 
inmunohistoquímica se ha observado que dichas conexiones entre ambas poblaciones 
neuronales son muy escasas, por lo que se plantean la posible existencia de 
interneuronas o comunicación no sináptica entre ambas (Pita et al., 2011, Sanchez-
Garrido et al., 2013, Tena-Sempere, 2013). 
La leptina parece ser el principal regulador metabólico del sistema hipotalámico de 
kiss1, y se ha demostrado que es capaz de aumentar los niveles hipotalámicos de ARNm 
para kiss1 ante determinadas condiciones de estrés metabólico extremo (por ej. ratones 
ob/ob, en ratas diabéticas no controladas, etc…), así como de estimular la expresión del 
gen de kiss1 en determinadas líneas celulares de neuronas (Smith  et al., 2006). Sin 
embargo, cabe destacar, que los datos que apoyan un papel de la leptina en el control del 
sistema hipotalámico Kiss1 provienen de estudios realizados en animales adultos 
sometidos a situaciones de estrés metabólico que podrían no ser completamente 
representativos de la condición fisiológica de la pubertad. Como antecedente próximo 
que creemos de especial relevancia en relación a nuestros objetivos, recientemente se ha 
demostrado que la sobrealimentación durante el periodo postnatal produce un 
incremento persistente del peso corporal y una apertura vaginal precoz, considerada 
como signo externo de pubertad, mientras que, por el contrario,  una alimentación 
escasa durante el periodo postnatal produce una persistente reducción del peso corporal, 
un menor peso de ovario y útero, así como un retraso en la apertura vaginal; cambios 
que aparecían junto a menores niveles de leptina y de ARNm para Kiss1. Estos datos 
indican que el periodo de la pubertad es sensible tanto a la sobrealimentación como a las 
deficiencias nutricionales durante etapas del desarrollo temprano (postnatal), y sugieren 
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que uno de los posible mecanismos subyacentes a este fenómeno de programación 
temprana podría ser el sistema hipotalámico de Kiss1/kisspeptinas (Castellano et al., 
2011). 
En estudios con cultivos celulares de tejido hipofisario de ratón, se ha demostrado que 
la leptina induce un aumento dosis-dependiente en los niveles de LH, FSH y prolactina 
(PRL) por activación de la enzima óxido nítrico sintasa (NOS) en las células 
gonadotropas. Es más, en otros estudios se ha comprobado que la inhibición en la 
secreción de LH, debido a  una restricción de ingesta alimentaria, puede revertirse con 
un tratamiento de leptina exógena (Pita et al., 2011, Pinilla et al., 2012). Por todo ello se 
cree que la leptina está implicada en el control de la pubertad, ya que en ensayos en los 
que se administraba leptina exógena a ratones ob/ob se observaba un adelanto en la 
entrada en pubertad, pudiendo contribuir a la secreción de esteroides sexuales y la 
subsecuente activación del eje GH/IGF-1 (growth hormone/factor de crecimiento 
insulínico 1). En consonancia con esto, estudios clínicos han corroborado dicha relación 
entre los niveles de leptina y la pubertad, ya que son varios los casos de individuos con 
niveles deficientes de leptina que presentan hipogonadismo, ocasionando como 
resultado un retraso en el inicio de la pubertad y a la larga provocando, en dichos 
individuos, infertilidad (Caron et al., 2012). La leptina no solo modula la pubertad 
participando en el control de la secreción de gonadotropinas a nivel hipotálamo-
hipofisario, sino también actuando directamente sobre los ovarios. Alrededor del tejido 
folicular maduro se ha observado concentraciones de leptina similares a lo observado en 
el plasma. En estudios in vitro se ha demostrado como una dosis fisiológica de leptina 
parece inhibir la esteroidogénesis en tejido ovárico humano predisponiendo al individuo 
a la anovulación (Pinilla et al., 2012, Tsouma et al., 2014). 
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Figura 7: Principal ruta de señalización del sistema kiss1 (Kp). Representación esquemática modificada a partir de 
de la figura 3 del artículo “Kisspeptin and reproduction” (Pinilla et al., 2012). 
 
En el síndrome de ovarios poliquísticos (característico por ir acompañado de 
amenorrea) se ha observado que un exceso en los niveles de esta hormona, provocado 
por un aumento de reservas energéticas o alteraciones metabólicas como la obesidad, 
ocasiona efectos inhibitorios sobre las gónadas causadas por una posible resistencia a la 
leptina (Loffler  et al., 2001; Azziz  et al., 2004). Sin embargo, una deficiencia en los 
niveles de leptina, provocada por una malnutrición como la dada en desórdenes 
alimentarios, podría ocasionar también amenorrea (Welt  et al., 2004; Chou et al., 2011; 
Deoni et al., 2013). Por lo tanto, unos niveles adecuados de leptina son muy importantes 
para el buen funcionamiento del eje HHG (Vazquez et al., 2015).  
Otra de las funciones de la leptina en el proceso reproductivo es la implantación del 
embrión. Se han encontrado bajos niveles del receptor de leptina en el endometrio en la 
fase proliferativa seguido de un incremento en la fase secretora del ciclo menstrual, lo 
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que sugiere que los esteroides ováricos podrían estar regulando los niveles de dicho 
receptor a lo largo de todo el ciclo (Pinilla et al., 2012). La placenta es un órgano 
endocrino capaz de expresar y secretar leptina. En estudios in vitro se ha observado 
como la leptina producida en la placenta actúa como un factor trófico y mitógeno capaz 
de inhibir la apoptosis y promover la proliferación de los trofoblastos (Pinilla et al., 
2012).  
 
Figura 8: Hipótesis de cómo el sistema kiss1 ejerce su función sobre el eje hipotálamo-hipófisis-gonadal (HHG). 
Representación esquemática obtenida de la figura 4 del artículo “Kisspeptin and reproduction” (Pinilla et al., 2012). 
 
El embarazo está asociado con cambios hormonales, relacionados con un estado de 
hiperleptinemia y resistencia a leptina, debido a un desajuste entre la ingesta y la 
actividad metabólica. Se sabe que los niveles de leptina en suero son mayores en 
mujeres embarazadas con respecto a las que no lo están. Estos niveles de leptina se ven 
incrementados a partir del primer trimestre hasta el tercero, aunque la secreción de 
leptina a la circulación fetal es mínima. Sin menoscabo de la importancia de la 
aportación de leptina por parte de la madre al feto, ya que se ha demostrado que los 
niveles de leptina en el cordón umbilical están asociados al peso del bebé al nacer, hoy 
KNDy neurona 
GnRH neurona 
Kiss1 neurona 
Gonadotropas 
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en día se sigue pensando que la mayoría de la leptina contenida en el feto está más 
relacionada con el tejido adiposo de este que con la leptina proveniente de la placenta 
materna (Pinilla et al., 2012).  
Otras de las actuaciones de la leptina en el desarrollo embrionario son las de 
proporcionar un buen crecimiento de los huesos, ya que participa en la diferenciación y 
proliferación de condrocitos y osteoblastos. Además la leptina en este periodo es capaz 
de estimular la mielopoyesis, eritropoyesis, linfopoyesis e incluso promover la 
maduración del sistema inmune del feto, remarcando con todo ello su importancia a lo 
largo de la gestación, siendo un importante factor durante la organogénesis fetal (Caron 
et al., 2012, Herrid et al., 2014). 
 
2.3 La leptina y su relación con la función inmune:  
Una de las primeras evidencias que mostraban la participación de la leptina en la 
respuesta inmune, en concreto la respuesta inmune adaptativa, fue descubierta por Lord 
et al. (1998). Estos autores observaron que en modelos de ratones deficientes en la 
señalización de la leptina (ob/ob o db/db) se observaba una alteración en la respuesta 
celular de los linfocitos T y que una administración de leptina era capaz de revertir los 
efectos inmunosupresores del ayuno (Lord et al., 1998). Estos datos se enmarcan en las 
conexiones que existen entre sistema inmune, nutrición y metabolismo, interacciones de 
una gran relevancia y que son objeto de abundante investigación en los últimos años 
(Véase figura 9).  
Se ha observado un incremento en los niveles de leptina durante periodos de infección o 
en modelos experimentales de inflamación (Gualillo et al., 2000, Faggioni et al., 2001). 
Diversos estudios se han centrado en el hecho de que el tejido adiposo es crucial para la 
generación de una respuesta inmune innata (véase figura 10). En este contexto, se ha 
 - 57 - 
 
Introducción 
encontrado en el tejido adiposo, tanto de humanos como de ratones obesos, una sobre-
expresión del factor de necrosis tumoral alpha (TNFα) e interleukina 6 (IL6) (Lin et al., 
2007, Hsuchou et al., 2009a), así como un aumento en la secreción de IL-18 (Conde et 
al., 2014) y una infiltración de macrófagos. Además, se ha sugerido que el aumento de 
volumen de los adipocitos o pre-adipocitos, típico de la obesidad, podría ser responsable 
de la producción de señales quimiotácticas encargadas de este reclutamiento de 
macrófagos necesario para la producción de citokinas inflamatorias por parte de los 
adipocitos. Estas señales quimiotácticas no solo se encargan de reclutar macrófagos, 
sino también de atraer a otras células inmunes, como los linfocitos T, aunque se 
desconozca aún el significado real de estas infiltraciones (Al-Suhaimi & Shehzad, 
2013). 
En diversos estudios in vitro, se ha demostrado que otras células del sistema inmune 
innato presentan receptores para la leptina. En los neutrófilos y eosinófinos la leptina 
parece desempeñar un papel antiapóptotico induciendo un aumento en la secreción de 
citokinas pro-inflamatorias, mientras que sobre las células NK parece aumentar su 
actividad metabólica y citotoxicidad (Conde et al., 2014) lo que contribuye a una 
correcta respuesta inmune. En estudios in vivo de modelos animales de inflamación 
aguda por lipololisacáridos bacterianos (LPS) la leptina parece revertir el proceso 
inflamatorio (Landgraf et al., 2015). Además, la leptina parece regular el número y la 
activación de células NK (uno de los componentes mayoritarios del sistema inmune 
innato) en ratas con una inflamación asociada a obesidad tratadas con leptina (Haas et 
al., 2008). Todos estos efectos parecen estar mediados por la activación de ERK1/2  en 
la ruta de señalización de leptina.  
Como se ha comentado al inicio de este epígrafe, la leptina también ejerce un efecto 
sobre la llamada inmunidad adaptativa (véase figura 10) como observaron Lord et al. 
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(1998). Más concretamente, la leptina parece estimular la respuesta proliferativa de los 
linfocitos T vírgenes mientras que inhibe la proliferación de los linfocitos T de memoria 
(Lord et al., 1998). Por otra parte, recientemente se ha demostrado la implicación de la 
leptina en la proliferación de las células T reguladoras (Treg), una subpoblación de 
linfocitos T involucrados en enfermedades autoinmunes, ya que se ha observado en 
estudios in vitro como un bloqueo de la leptina permite una expansión en el número de 
células de esta subpoblación (De Rosa et al., 2007). En línea con esto, se vio que la 
leptina es capaz de inhibir la proliferación de Treg inducida por rapamicina a través de 
la activación de la ruta mTOR/Akt (Procaccini et al., 2013).  
 
Figura 9: Diagrama  esquemático de la relación entre sistema inmune y obesidad. 
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Además, dentro de las posibles funciones de la leptina sobre la inmunidad adaptativa, se 
ha observado un efecto de la leptina sobre los linfocito T helper 1 (Th1) mediada por la 
estimulación de la síntesis de IL-2, IL-12 e interferón gamma (INFγ); y por la inhibición 
en la secreción de IL-4 y 10 (Martin-Romero et al., 2000). Sin embargo, no están aún 
bien caracterizados los efectos de la leptina sobre los Th2. 
 
Figura 10: Efecto de la leptina sobre las respuesta de inmunidad innata y adaptativa. Modificada a partir de la figura  
2 de Zabeau et al. (2014). 
 
2.4 Función de la leptina en el desarrollo cerebral: 
Existen claras evidencias del papel que juega la leptina durante el neurodesarrollo. Los 
receptores de leptina se expresan desde etapas tempranas en el desarrollo cerebral, y se 
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sabe que la leptina ejerce un efecto sobre la proliferación, mantenimiento y 
diferenciación de neuronas y células gliales (Ahima et al., 1999; Bouret, 2013). Durante 
periodos postnatales tempranos, tanto en rata como en ratón, hay un aumento en la 
concentración de leptina circulante (Ahima et al., 1998). A pesar de este aumento, los 
neonatos mantienen elevada la ingesta, y tanto el comportamiento alimentario como la 
respuesta metabólica a la administración exógena de leptina, están ausentes hasta la 
época del destete (Ahima et al., 1998). Sin embrago, es durante ese periodo donde se 
han observado y demostrado las acciones neurotróficas de leptina en cuanto al 
establecimiento de circuitos hipotalámicos (Bouret, 2013, Baquero et al., 2014). Unas 
de estas acciones inducidas por la leptina son las rápidas modificaciones en la 
conectividad sináptica de poblaciones neuronales involucradas en el control metabólico 
además de ejercer una función clara sobre la morfología astrocitaria del hipotálamo 
(Pinto et al., 2004; García-Cáceres et al., 2011). Hay que tener en cuenta que el 
desarrollo hipotalámico difiere según la especie. En roedores, dicho desarrollo comienza 
a partir del día embrionario (E) 12, dándose procesos de neurogénesis en el 
neuroepitelio del tercer ventrículo, seguido de una migración neuronal desde esta zona 
proliferativa a los distintos núcleos y áreas que constituirán el hipotálamo adulto. Las 
neuronas del núcleo ARC comienzan a formarse entre los días E12 y E16, pero la 
expresión de neuropéptidos tanto orexigénicos como anorexigénicos continúan 
aumentando hasta periodos postnatales (PN) (Cottrell et al., 2010). Aunque la 
neurogénesis sea un proceso prenatal, las conexiones entre núcleos se da en un periodo 
postnatal, con inervaciones neuronales entre los núcleos ARC y dorsomedial, 
establecidas a día postnatal (DPN) 6, e inervaciones entre el ARC y el paraventricular y 
lateral a DPN10 y DPN12, respectivamente (Granado et al., 2012; Baquero et al., 
2014).  No se conoce exactamente como la leptina ejerce dichos efectos, pero cambios 
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en la distribución de sus receptores en hipotálamo durante este periodo podría, al menos 
en parte, explicar los efectos específicos de la leptina a estas edades. De acuerdo con 
estos hallazgos, se ha comprobado que existen periodos restringidos en edades 
tempranas en los cuales un déficit  (en ratones ob/ob) o  suplemento de leptina, puede 
ejercer a largo plazo efectos en la estructura y organización de tejidos, e incluso influir 
en el fenotipo metabólico del adulto (Bouret & Simerly, 2007). Estos efectos 
específicos de edad pueden estar relacionados con la expresión del receptor durante el 
desarrollo, como indican recientes estudios en roedores donde se han visto cambios, 
tanto en la distribución del receptor como en las acciones de la leptina, durante periodos 
postnatales tempranos. En estudios con fetos de ratón ob/ob se observó que en el estadio 
embrionario E16 estos animales exhibían un menor número de células neuroepiteliales 
en cortex y una capacidad proliferativa reducida en comparación con la cepa salvaje 
(Bereiter & Jeanrenaud , 1979, 1980, Udagawa et al., 2006a). La administración de 
leptina en E14 puede incrementar el número de células en E16 y hay algunas evidencias 
en estudios in vitro de que además puede aumentar el marcaje con BrdU (marcador de 
proliferación) en cultivos de neuroesferas (Udagawa et al., 2006a). Una administración 
postnatal de leptina en estos animales permitió un aumento de peso del cerebro. Sin 
embargo en el grupo al que no se le administró leptina en E14, se necesitó de un 
tratamiento crónico con leptina durante 6 semanas, para poder observar el aumento de 
peso cerebral. La administración de leptina durante dos semanas desde la semana 8 a la 
10 de edad fue ineficaz tanto en el peso cerebral como en el contenido de proteínas, lo 
que sugiere la existencia de un periodo crítico en edades tempranas para que la 
administración de leptina sea eficaz en el rescate del desarrollo cerebral (Cottrell et al., 
2010). En 1998 Ahima et al. comprobaron que existía un pico de leptina postnatal en 
roedores que comenzaba a elevarse a partir del DPN5 hasta alcanzar su máximo valor 
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entorno al DPN10 y que este incremento no estaba relacionado con un aumento del 
tejido adiposo durante dicho periodo. Por lo que se explicará a continuación sobre el 
modelo de separación materna utilizado en esta Tesis, la existencia de esta oleada de 
leptina que alcanza un pico en DPN 10 es crucial para el establecimiento de nuestros 
diseños experimentales. En humanos se conoce que los niveles de leptina aumentan 
alrededor del tercer trimestre del embarazo y que estos niveles disminuyen tras el 
nacimiento, estando relacionado con el tamaño de la cabeza del recién nacido (Marinoni 
et al., 2010). De hecho, se ha observado que pacientes deficientes en leptina presentan 
modificaciones en diversas estructuras cerebrales y dichas modificaciones podrían tener 
consecuencias a largo plazo en diversas conductas relacionadas con la leptina (Frank et 
al., 2011). 
 
2.5 Función neuroprotectora de la leptina: 
Las propiedades neurotróficas y neuroprotectoras de la leptina están bien documentadas 
(Oomura et al., 2006, Harvey, 2007, Doherty et al., 2008, Bouret, 2010). En el 
hipocampo, la leptina podría actuar como un agente potenciador de las capacidades 
cognitivas; los ratones genéticamente obesos debido a una disfunción en los receptores 
de leptina muestran un deterioro en los mecanismos de plasticidad sináptica hipocampal 
(Boston et al., 1997). Tanto un tratamiento neonatal con leptina como la exposición a 
una HFD, en periodo perinatal, indujeron un aumento en la neurogénesis y la 
supervivencia en el giro dentado que podría deberse a un aumento en la producción de 
BDNF (Brain-derived neurotrophic factor) en el hipocampo neonatal (Walker et al., 
2008). Recientemente Kumral et al. (2012) han descrito, por primera vez, que los 
niveles cerebrales de leptina disminuían en un modelo animal de hipoxia-isquemia en 
rata neonatal, y que existía una correlación negativa entre dichos niveles de leptina y la 
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apoptosis neuronal. El número de células apoptóticas disminuyó significativamente en 
los cerebros de los animales tratados con leptina en contraste con los animales no 
tratados del grupo hipoxico-isquémico. En concreto, el tratamiento con leptina redujo de 
forma significativa el número de “células apoptóticas” en las regiones CA1, CA2, CA3 
y giro dentado de la formación hipocampal. Estos datos indican que la leptina es un 
eficaz agente neuroprotector en este modelo animal, al menos cuando la leptina se 
administra inmediatamente después de la exposición al episodio hipóxico-isquémico y 
abren nuevas perspectivas desde el punto de vista terapéutico. 
La leptina es capaz de inhibir la apoptosis de distintas células, como son los linfocitos, 
las células β-pancreáticas y las células hepáticas (Russo et al., 2004; Hoda et al., 2007). 
Altos niveles de leptina en obesidad han sido relacionados con procesos patológicos, 
incluyendo un efecto de supervivencia en el cáncer de colon, de próstata o en procesos 
de inflamación (Folch et al., 2012). Experimentos con líneas de células cancerígenas, 
han demostrado que la leptina está directamente relacionada con efectos de supresión de 
muerte celular. Las neuronas en cultivo requieren de factores tróficos o suero para poder 
sobrevivir, y se ha observado que la adición de leptina en estos cultivos mejora, aún 
más, la supervivencia de estos, incrementando los niveles de BDNF, BCL-xL y Mn-
SOD (Mn-superóxidodismutasa) (Signore et al., 2008). Los mecanismos 
neuroprotectores de la leptina están relacionados con la activación de las vías de 
señalización JAK2-STAT3, AKT y MEK/ERK, aunque existen estudios recientes en los 
que se habla de una acción neuroprotectora de la leptina vía uncoupling protein-2 
(UCP2) (Ho et al., 2010).  
 
 
 - 64 - 
 
Introducción 
2.6 Implicaciones de la leptina en la regulación de respuestas 
comportamentales: 
Recientes estudios han demostrado que la leptina ejerce un papel importante en la 
modulación de la plasticidad sináptica en el hipocampo a través de los receptores 
glutamatérgicos NMDA (N-metil-D-aspartato) y AMPA (Folch et al., 2012) 
provocando un aumento en la motilidad y densidad de los filopodios dendríticos 
(Valleau & Sullivan, 2014). La leptina es capaz de activar canales de potasio, a través 
de un influjo de calcio en los receptores NMDA, promoviendo una potenciación a largo 
plazo (LTP) de la transmisión sináptica excitatoria en el hipocampo. En estudios in vitro 
se ha comprobado como un tratamiento de leptina en neuronas hipocampales estimulan 
la fosforilación de CaMKII (Calcio Calmudinakinasa II) y facilita el desarrollo de LTP, 
lo que conlleva a un aumento en la densidad sináptica hipocampal (Walker et al., 2007). 
Estos hallazgos sugirieron un deterioro de la señalización de la leptina durante un 
proceso de alta excitabilidad neuronal, como ocurre en la epilepsia. Son varios los 
grupos de investigación que se han centrado en el estudio del papel anti- y pro-
convulsivo de la leptina (Thio et al., 2006; Erbayat-Altay et al., 2008). El efecto 
antiepiléptico de la leptina ha sido observado en ratones ob/ob, que mostraban una 
susceptibilidad aumentada a sufrir ataques epilépticos y en los que la administración de 
leptina redujo el número de ataques (Xu et al., 2008). Por otro lado, también se ha 
caracterizado un efecto pro-epiléptico de la leptina (Lynch et al., 2010). Tras una 
inyección intracerebroventricular de leptina se observó un aumento dosis-dependiente 
en las convulsiones epilépticas, siendo las dosis bajas las más efectivas en este aspecto. 
Este efecto pro-convulsivo de la leptina parece estar mediado por los receptores NMDA 
hipocampales. Dichos receptores median los efectos excitatorios provocados por la 
leptina, incrementando los niveles de calcio intracelular y la transmisión sináptica, tanto 
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en rodajas como en cultivos celulares de hipocampo de rata (Bonda et al., 2014, 
Mancini et al., 2014). No obstante, se ha demostrado que la leptina también podría 
actuar a través de la ruta PI3K para inhibir la actividad epiléptica en ciertas neuronas 
hipocampales. Estos hallazgos contradictorios podrían deberse a diferentes efectos sobre 
células no neurales que presentan receptores de leptina, como son los astrocitos o la 
microglía (Folch et al., 2012, Zhang et al., 2013). 
Queda mucho por estudiar sobre la relación de la leptina con el aprendizaje espacial y 
las funciones cognitivas, aunque si se ha observado que una administración 
intrahipocampal de leptina, después del entrenamiento del animal, aceleraba el 
aprendizaje de evitación a un choque eléctrico sobre sus patas en el laberinto en T, y 
mostraba un efecto positivo sobre el proceso de aprendizaje en ratones CD1 que 
presentaban agregados de beta-amiloide (Pan et al., 2012). Por otro lado, un suplemento 
de leptina en humanos deficientes en esta hormona, incrementa la concentración de 
materia gris en diversas áreas cerebrales encargadas de procesos relacionados con la 
emoción, la motivación y la atención como son el giro cingulado anterior, el lóbulo 
parietal inferior y el cerebelo (Valleau & Sullivan, 2014).  
En cuanto a una posible relación de la leptina con enfermedades mentales, se ha 
descubierto que niveles bajos de leptina están asociados con comportamientos 
depresivos tanto en roedores como en humanos y estudios farmacológicos indican que 
la leptina tiene una eficacia similar a los antidepresivos. Garza et al. (2012) demostraron 
que la administración de leptina produce efectos antidepresivos tanto en ratas como en 
ratones y se observó un comportamiento de tipo ansiogénico en ratones con deficiencia 
de leptina o con una menor expresión de su receptor (Finger et al., 2010, Dinel et al., 
2011). En individuos sometidos a estrés crónico se observa un descenso en los niveles 
plasmáticos de leptina. Este descenso podría relacionarse con un aumento de los niveles 
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de corticosterona puesto que la leptina, por efecto del feedback, inhibiría la síntesis y 
secreción de glucocorticoides. Fraga et al. (2014) observaron respuestas de ansiedad en 
un modelo en el que los animales que eran sometidos a un destete temprano (DPN15 en 
vez de DPN22) presentaban deficiencias en los niveles de distintas hormonas, entre 
ellas la leptina, además de deterioros cognitivos en el laberinto en T elevado. El perfil 
comportamental producido por una única dosis de leptina es similar al que se produce 
por efecto de factores neurotróficos como el BDNF o la neurotrofina-3, y también con 
ciertos antidepresivos. Se ha sugerido también que la leptina posee un efecto ansiolítico 
en roedores estresados (Fraga et al., 2014). Por otro lado, en la anorexia nerviosa se 
encuentran bajos niveles de leptina, y las alteraciones psicofisiológicas de esta 
enfermedad parecen ser, por lo menos parcialmente, revertidas por un tratamiento con 
leptina (Lu et al., 2006, Paz-Filho et al., 2010). En los últimos años se ha publicado un 
informe que muestra la existencia de una correlación positiva significativa entre la 
concentración basal de leptina en suero y la mejoría de los síntomas positivos en 
pacientes esquizofrénicos que seguían un tratamiento con antipsicóticos 
(Venkatasubramanian et al., 2010).   
También parece haber una relación de la leptina con la actividad motora. Se ha 
observado una estrecha relación entre niveles reducidos de leptina y el trastorno de 
hiperactividad con déficit de atención. Dexter et al. (2014) encontraron un incremento 
de la actividad motora en la edad adulta de ratones que habían sido tratados con un 
antagonista de leptina en su etapa neonatal, y que dicho incremento de actividad motora 
se asociaba a una pérdida del volumen del lóbulo frontal y a un aumento en la expresión 
de receptores de leptina en la corteza frontal. Estos autores propusieron que la 
administración de leptina podría mejorar estas pautas comportamentales en aquellos 
individuos GR (crecimiento restringido, nacen prematuramente con un peso inferior al 
 - 67 - 
 
Introducción 
normal) debido al papel de la leptina en el desarrollo neural. De hecho en estudios 
anteriores, Erkonen et al. (2011) habían descrito que la administración neonatal de 
leptina bloqueaba los comportamientos inducidos por GR asociados con trastornos de 
ansiedad e hipertensión en niños.  
 
3. Modelo de separación materna 
 
3.1 Utilidad de los modelos animales 
Una de las limitaciones más evidentes en la aplicación de modelos animales para el 
estudio de enfermedades es que resulta imposible reproducir todos los aspectos de la 
enfermedad, debido a la complejidad de su sintomatología en humanos. Sin embargo, es 
posible atender a componentes fenotípicos específicos para diseñar modelos animales 
adecuados que contribuyan a arrojar luz sobre los mecanismos neurobiológicos 
subyacentes a determinados signos o síntomas, lo que puede resultar muy útil para la 
mejora de las intervenciones terapéuticas y las estrategias de prevención. 
Los trabajos en animales de laboratorio, particularmente en rata y ratón, permiten el 
control de diversos parámetros ambientales, así como cierto tipo de manipulaciones que 
por razones éticas y/o prácticas son imposibles en humanos. Más aún, si tenemos en 
cuenta la duración media de la vida en estas especies (unos dos años), podemos realizar 
estudios que abarquen desde el período prenatal hasta el envejecimiento en unos lapsos 
de tiempo relativamente cortos que, sin embargo, nos permiten tener una visión 
completa y dinámica del desarrollo. 
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3.2  Dimorfismos sexuales 
Es un hecho incontestable que varones y mujeres difieren en muchos aspectos, y no solo 
en aquellos estrictamente relacionados con la función reproductora sino, en un sentido 
mucho más amplio, en el ámbito de la psicofisiología del individuo. Es bien sabido, por 
ejemplo, que en diversas enfermedades mentales se observan diferencias sexuales en 
cuanto a prevalencia, período de la vida en la que se manifiestan los síntomas y 
características concretas de la sintomatología, curso de la enfermedad y respuesta al 
tratamiento (Mendrek, 2007, Parker & Brotchie, 2010, Cohen & Yehuda, 2011). Sin 
embargo, estas diferencias que ya indicaba Kraepelin (1916) a principios del siglo 
pasado: “The male sex appears in general to suffer some what more frequently and to be 
affected more severely by the dementia” (“En general, el sexo masculino parece sufrir 
en cierta manera de forma más frecuente y severa la demencia precoz”), refiriéndose a 
lo que actualmente conocemos como esquizofrenia, son aun escasamente consideradas 
en los estudios clínicos y epidemiológicos, y la inmensa mayoría de los estudios 
preclínicos se realizan en animales macho (Beery & Zucker, 2011, Rubino & Parolaro, 
2011).  
Por otra parte, hay también que constatar que en los últimos años ha aumentado 
considerablemente el interés por la influencia del factor “sexo” o “género” en el estudio 
de la fisiología y fisiopatología. En la base de los dimorfismos sexuales existen factores 
genéticos, así como la influencia de hormonas gonadales sobre el cerebro en períodos 
críticos del desarrollo (perinatal y peripuberal, fundamentalmente) que ejercen tanto 
efectos “organizacionales” como “activacionales” y que se reflejan en diferencias tanto 
estructurales como funcionales (Handa et al., 2008, Schwarz & McCarthy, 2008, Schulz 
et al., 2009). Además, en los últimos años se está poniendo de manifiesto de forma cada 
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vez más clara la importancia de los factores epigenéticos (Dunn et al., 2011, McCarthy 
& Arnold, 2011, Nugent & McCarthy, 2011). No hay que olvidar tampoco aspectos de 
tipo fármacocinético que pueden contribuir a la expresión de dimorfismos sexuales. Por 
ejemplo, el tiempo que pueda permanecer una droga de carácter lipofílico en el 
organismo va a depender, entre otros factores, de la cantidad de depósitos grasos, y esta 
cantidad difiere entre sexos. Las mujeres presentan más cantidad de grasa que los 
hombres, mientras que lo contrario es cierto en las ratas (Rubino & Parolaro, 2011). 
Quizá, en relación con esto último, y por poner un ejemplo más de diferencias entre 
humanos y rata, los niveles de leptina son mayores en ratas machos que en hembras y, 
sin embargo, son mayores en mujeres que en hombres (Fulda et al., 2010, Viveros et al., 
2010b). Las diferencias inter-específicas también pueden afectar, por ejemplo, al 
número de receptores que un individuo de una determinada especie presenta para una 
determinada molécula. Estos factores contribuyen a que, en ocasiones, resultados 
obtenidos en una especie de laboratorio (rata o ratón) no se repliquen en humanos y 
viceversa. A pesar de ser esta una de las limitaciones de los modelos animales, las 
ventajas arriba mencionadas hacen de la investigación preclínica una herramienta 
fundamental dentro del contexto de una aproximación traslacional. La generación de 
modelos animales apropiados sigue constituyendo un desafío para la moderna 
investigación biomédica (Nestler & Hyman, 2010). 
3.3 Separación materna temprana, un modelo de alteraciones 
neuropsiquiátricas con origen en el neurodesarrollo 
Según numerosas evidencias, las experiencias traumáticas en edades tempranas podrían 
estar asociadas con el desarrollo de algunas psicopatologías (tales como la esquizofrenia 
o la depresión) (Kendler et al., 2002, Morgan et al., 2007), así como con alteraciones 
neuroendocrinas (Levine, 2005, Moffett et al., 2007, Tyrka et al., 2008). Unas 
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inadecuadas interacciones con los padres (abandono, maltrato, abuso…), la malnutrición 
y otros tipos de estrés en períodos críticos del desarrollo pueden contribuir a la 
aparición de trastornos psiquiátricos y metabólicos, que se manifiesten en edades 
posteriores (adolescencia/edad adulta) de la vida del individuo. A este respecto, se han 
desarrollado diversos protocolos experimentales con objeto de “modelizar” diferentes 
condiciones de estrés perinatal. Entre ellos, nos interesan en esta ocasión los estudios de 
separación materna temprana que, como su nombre indica, consiste en separar a la 
madre de la prole durante el período neonatal. Este modelo, desarrollado tanto en 
roedores como en primates no humanos, presenta dos variantes principales: una de ellas 
consiste en la separación materna relativamente corta (3-6 horas), que puede realizarse 
de forma diaria durante períodos de diversa duración dependiendo del protocolo 
experimental específico empleado, mientras que la otra consiste en un único episodio de 
separación de la madre, de 24 horas de duración. En roedores, suele realizarse la 
separación de la prole de su madre durante las dos primeras semanas del desarrollo 
postnatal (Cirulli et al., 2009, Marco et al., 2009). Durante los últimos años, nuestro 
grupo de investigación viene realizando una serie de trabajos encaminados a la 
caracterización de un procedimiento concreto de separación materna (SM). En este 
protocolo, que realizamos en ratas de la cepa Wistar, la camada se separa de la madre 
durante 24h a DPN9. Estudios previos, fundamentalmente de Ellenbroek y 
colaboradores (Ellenbroek et al., 2004, Ellenbroek et al., 2005), habían descrito que las 
ratas sometidas a este tipo concreto de estrés neonatal presentaban, en la edad adulta, 
alteraciones comportamentales que recuerdan a signos de tipo psicótico, tales como 
afectación de la respuesta de inhibición prepulso (PPI), de la respuesta de sobresalto y 
de la respuesta de inhibición latente, así como hipersensibilidad a agentes 
“dopamiméticos” como la anfetamina o la apomorfina. Es importante señalar que el 
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procedimiento de SM indujo esas anormalidades comportamentales similares a ciertos 
signos de tipo esquizofrénico en ratas adultas de la cepa Wistar, pero no en ratas de las 
cepas Fischer 344 o Lewis, (Ellenbroek & Cools, 2000), lo que apunta a la importancia 
del background genético.  
Tabla 2: Cambios en el hipocampo producidos por la SM en la edad adulta relacionados con la 
etiopatogénesis de la esquizofrenia. 
Niveles proteicos Niveles ARNm 
PSA-NCAM NR-2A 
BDNF NR-2B 
PSA-NCAM: molécula de adhesión celular neural polisializada; NR-2A/2B: subunidades del receptor de 
glutamato NMDA 
En cuanto a posibles correlatos neuroquímicos (Tabla 2), los animales adultos expuestos 
al protocolo de SM mostraron una pérdida de la plasticidad sináptica, así como una 
hipofuncionalidad del sistema glutamatérgico, fenómenos que han sido recientemente 
propuestos como posible sustrato neurobiológico en la etiopatogénesis de la 
esquizofrenia (Roceri et al., 2002). Cabe señalar que en un estudio reciente se ha 
observado que las ratas SM (24h a DPN 9) mostraban, al ser estudiadas en edad 
adulta/joven, alteraciones en el tamaño del neocórtex y del hipocampo, en el número de 
neuronas en la corteza prefrontal y retroesplenial y en la expresión de NeuN (marcador 
neuronal) en el hipocampo y la neocorteza, dos regiones íntimamente implicadas en la 
función cognitiva (Aksic et al., 2013). Probablemente estas alteraciones sean el 
resultado de una pérdida neuronal durante el desarrollo causado por el estrés neonatal. 
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3.4  Caracterización psiconeuroimnunoendocrina del modelo de 
separación materna 
En nuestro grupo de investigación hemos realizado durante los últimos años una 
extensiva caracterización del modelo de SM en ratas de ambos sexos. En edad 
adolescente, los animales separados de la madre según el protocolo 24h a DPN9, 
mostraban alteraciones comportamentales indicativas de una peor respuesta al estrés o 
sintomatología de tipo depresivo y una tendencia a una mayor impulsividad (Llorente et 
al., 2007, Marco et al., 2007, Marco et al., 2009). Además de estos cambios 
comportamentales, observamos como dichos animales presentaban modificaciones en 
su sistema serotoninérgico (incremento de los niveles de serotonina en distintas regiones 
cerebrales) y dopaminérgico (elevación en los niveles de dopamina en el estriado), así 
como importantes modificaciones en marcadores celulares (neuronas y glia) y de 
plasticidad sináptica (Llorente et al., 2010, Marco et al., 2013).  
En la edad adulta, los animales SM presentaban deteriorada su memoria (medida en la 
prueba de “reconocimiento de objeto nuevo”), así como una reducción de sinaptofisina 
y BDNF (Llorente et al., 2011). Sin embargo, no encontramos (Llorente-Berzal et al., 
2011) alteraciones de la respuesta de inhibición pre-pulso (PPI) aunque, algunos autores 
como Ellenbroek y colaboradores sí encontraron dicha alteración. Estas aparentes 
discrepancias nos llevan a pensar que se trata de un modelo experimental muy sensible a 
factores, no solo genéticos (no en todas las estirpes de rata se encuentra la alteración de 
la PPI), sino también muy probablemente a factores ambientales, incluida la propia 
manipulación de los animales que puede variar dependiendo de los experimentos 
concretos.  
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3.5  Período de hipo-reactividad al estrés 
Un aspecto muy importante del modelo de SM es que el período preciso en el que se 
produce parece ser crucial en relación a los efectos que se observan a largo plazo. Por 
ejemplo, la magnitud del impacto sobre la PPI es más drástica y la inhibición del 
refuerzo de LTP a nivel celular inducido por un estrés de natación forzada en animales 
adolescentes solo se da cuando la SM se realizaba a DPN9 (Ellenbroek & Riva, 2003, 
Gruss et al., 2008). Así pues, parece que entorno al DPN9 existe una ventana de mayor 
vulnerabilidad, al menos en relación con ciertos efectos de la SM. En roedores se ha 
descrito el denominado período de baja respuesta al estrés (SHRP, del inglés stress 
hyporesponsive period), que abarca, aproximadamente, desde el día 4 al 14 posnatal y 
que se caracteriza principalmente porque el eje HHA presenta una acusada 
hipoactividad o capacidad de respuesta disminuida. En efecto, durante este período la 
glándula adrenal de los roedores tiene una sensibilidad muy reducida a la hormona 
adrenocorticotropa (ACTH), y los animales tienen unos niveles plasmáticos de 
corticosterona (CORT) y ACTH extremadamente bajos si los comparamos con los que 
presentan los animales adolescentes o adultos. Es más, fenómenos estresantes, que 
provocarían un aumento significativo en los niveles de CORT en los animales adultos, 
apenas provocan una activación de este sistema en los animales neonatos. La existencia 
de este período parece tener una función de carácter protector, dado que una elevación 
de los glucocorticoides podría tener efectos deletéreos sobre el cerebro en desarrollo. Se 
supone que el mantenimiento de unos bajos niveles de glucocorticoides, durante este 
período crítico del desarrollo del cerebro, protege y facilita la consecución de procesos 
esenciales del neurodesarrollo necesarios para la correcta maduración del sistema 
nervioso (Varga et al., 2013). En nuestro grupo se ha demostrado que el protocolo de 
SM al que nos venimos refiriendo (24h a DPN 9) supone un estrés de suficiente 
 - 74 - 
 
Introducción 
magnitud como para producir un aumento significativo de CORT (el principal 
glucocorticoide en la rata) observable a DPN10 e incluso a DPN13 (Viveros et al., 
2009, Viveros et al., 2010a), es decir, capaz de “superar” de alguna forma esa barrera de 
protección que supone el período de hipo-reactividad al estrés. Es plausible que este 
aumento de CORT justo en el medio del SHRP produzca efectos perjudiciales sobre el 
desarrollo del cerebro. Desde esta perspectiva, resulta explicable que, según los datos de 
Ellenbroek y Gruss expuestos anteriormente, el período durante el cual parece tener más 
“eficacia” el estrés de la SM se corresponda con la parte central del SHRP, es decir, 
cuando se realiza a DPN9 en vez de a DPN3-4 (principio del SHRP) o a DPN18 
(después del SHRP). 
3.6 Alteraciones en el desarrollo del cerebro inducidas por la 
separación materna 
Según la teoría del neurodesarrollo, anormalidades y distorsiones del desarrollo del 
cerebro, causadas por factores tanto genéticos como ambientales, afectarían al 
comportamiento en etapas posteriores de la vida y conducirían a la emergencia de 
enfermedades psiquiátricas tales como la esquizofrenia, el trastorno bipolar o el autismo 
(Fatemi & Folsom, 2009, Owen et al., 2011). De acuerdo con tal hipótesis, nosotros 
propusimos que las alteraciones comportamentales observadas en los animales SM, 
tanto en la adolescencia como en la edad adulta, podrían ser consecuencia de un 
inadecuado proceso de neurodesarrollo, que a su vez podría estar relacionado, al menos 
en parte, con el incremento en los niveles de CORT inducido por el episodio de SM. 
Con el fin de confirmar esta hipótesis, nos centramos en dos estructuras que muestran 
una elevada densidad de receptores para glucocorticoides (y CB1 para cannabinoides, 
ver más abajo), la formación hipocampal y el cerebelo, y analizamos por medio de 
técnicas inmunohistoquímicas, las posibles alteraciones neuronales y gliales que 
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pudieran mostrar en esas regiones ratas SM de 13 días de edad (Tabla 3) (Lopez-
Gallardo et al., 2008, Llorente et al., 2008, Llorente et al., 2009, Viveros et al., 2009). 
Además, mediante técnicas de espectroscopía de resonancia magnética nuclear 
(HRMAS), pudimos comprobar que los animales SM de 13 días de edad mostraban 
importantes cambios en el perfil metabólico, tanto en la formación hipocampal como en 
la corteza prefrontal (Llorente et al., 2012).  
Tabla 3: Cambios inmunohistoquímicos producidos por la SM a DPN13 en hipocampo y cerebelo. 
Machos Hembras 
Fluorojade C+ Fluorojade C+ 
GFAP+  GFAP+  
             Fluorojade C
+ 
: marca degeneración neuronal; GFAP: marcador glial. 
Es importante destacar que, a la misma edad neonatal (DPN13), encontramos un 
incremento en los niveles de CORT, así como una reducción significativa en los niveles 
plasmáticos de leptina en los animales SM (Viveros et al., 2009). El hecho de que los 
niveles de leptina permanecieran bajos a DPN 13 nos llamó especialmente la atención. 
Parecía esperable que los niveles de esta hormona se redujeran durante el período de 
SM puesto que, durante ese tiempo, los animales son privados de alimentación (leche 
materna), sin embargo, a los 3 días de volver a reunirse con la madre, la leptina estaba 
aún claramente disminuida. Teniendo en cuenta las funciones neuroprotectoras y 
neurotróficas que recientemente se le han atribuido a la leptina (Garza et al., 2008, 
Signore et al., 2008, Kumral et al., 2012) y su función durante el desarrollo (Bouret, 
2010), nos planteamos la posibilidad de que no solo el aumento de CORT, sino quizá 
también una disminución mantenida de la leptina, pudiera tener un efecto deletéreo 
sobre el neurodesarrollo temprano.  
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3.7  Efectos de la separación materna sobre el sistema 
endocannabinoide 
Las razones que nos llevaron a estudiar los efectos de la SM sobre el sistema 
endocannabioide (SEC) pueden resumirse como sigue: el grupo de Ellenbroek había 
mostrado que en la edad adulta los animales separados de la madre mostraban 
alteraciones comportamentales de tipo psicótico. Además de que el consumo de 
cannabis puede incrementar significativamente el riesgo de padecer ataques psicóticos y 
esquizofrenia, se han descrito alteraciones del SEC en pacientes esquizofrénicos 
(referencia). El SEC desempeña un papel crucial en el desarrollo cerebral y actúa como 
modulador fisiológico frente al estrés. El procedimiento de SM descrito en esta Tesis 
Doctoral supone claramente un estrés importante en una época clave de la vida y afecta 
al desarrollo del cerebro. Más aún, las respuestas alteradas a compuestos cannabinoides 
de los animales que habían sido separados de la madre (Llorente et al., 2007) ya 
sugerían una interacción de este tipo de estrés con el SEC. Basándonos en estas 
premisas nuestra siguiente hipótesis fue que la SM neonatal podría inducir alteraciones 
en el SEC. De nuevo, nuestros resultados confirmaron esta hipótesis. Los animales 
neonatos machos que habían sido sometidos al protocolo de SM mostraron unos niveles 
elevados de 2-araquidonil-glicerol y una reducción significativa de la enzima 
monoacilglicerol lipasa responsable de la degradación de este endocannabinoide, así 
como un descenso de inmunorreactividad de los receptores CB1 en el hipocampo 
(Suarez et al., 2009, Suarez et al., 2010). Este dimorfismo sexual se encuentra en línea 
con los resultados previos en los cuales los efectos neurales y gliales de la SM fueron 
también más evidentes entre los animales macho. En conjunto, estos resultados apuntan 
a una clara relación entre la exposición a situaciones de estrés durante el desarrollo y 
una desregulación del SEC. Nuestro protocolo de SM temprana parece ser un modelo 
animal de gran utilidad para el estudio del papel del SEC en el desarrollo cerebral y en 
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su posible implicación en las enfermedades mentales con un origen en el 
neurodesarrollo. 
Tabla 4: Cambios relacionados con el SEC en el hipocampo de ratas SM a DPN13. 
Machos Hembras 
2-AG 2-AG                                                       
CB1  CB1 
MAGL  MAGL  
2-AG:2-araquinodil glicerol; CB1: receptor de endocannabinoide tipo I; MAGL: enzima monoacilglicerol 
lipasa. 
3.8 Efectos de la separación materna sobre el sistema 
inmunitario. 
En distintos estudios hemos observado como la SM provoca un deterioro significativo 
de la función inmune a lo largo de la vida de los individuos. Tan solo tres días después 
de la SM se observó en los animales una reducción en el número de células NK en timo, 
así como una menor respuesta linfoproliferativa frente a un antígeno y una menor 
quimiotaxis en timo y bazo, efectos que se mantenían en animales SM adolescentes y 
adultos (De la Fuente et al., 2009, Viveros et al., 2009). Al analizar los distintos 
componentes estresantes del modelo de SM, es importante considerar el impacto que un 
episodio agudo pero duradero (24 h) de ayuno (leche materna) y de falta de contacto 
físico con la madre pueden tener sobre el desarrollo del sistema inmunológico. La 
nutrición en etapas tempranas de la vida puede afectar a la competencia del sistema 
inmunitario en edades posteriores, incluyendo la capacidad para organizar una respuesta 
inmune apropiada frente a una infección o para reconocer adecuadamente determinados 
antígenos, dando pie a desarrollo de trastornos inmunológicos (Calder et al., 2006, 
Palmer, 2011).  
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Los sistemas inmunológico y endocrino están relacionados entre sí a través de una red 
bidireccional en el que las hormonas afectan la función inmune y, a su vez, la respuesta 
inmune se refleja en cambios neuroendocrinos (Figura 11). En este contexto, la hiper-
activación del eje HHA de las crías al ser separadas de la madre (y muy probablemente 
el estrés ocasionado en la propia madre al verse privada de sus crías) podrían también 
contribuir con un efecto de “programación” en el sentido de afectar negativamente el 
desarrollo del sistema inmunitario de los animales SM (Charmandari et al., 2003, 
Bjorksten, 2008, Palmer, 2011).  
Figura 11: Interacción neurobiológica del estrés. Interrelación entre los sistemas inmune, endocrino y nervioso. 
Conviene también tener en cuenta que, además de sus funciones metabólicas, tanto la 
leptina como la adiponectina están implicadas en la regulación de las respuestas 
inmunes (Fantuzzi, 2008, Carbone et al., 2012). Por ejemplo, condiciones que conllevan 
una reducción de la producción de leptina tales como la deficiencia genética de leptina, 
la anorexia nerviosa o la desnutrición, se asocian con un aumento de la susceptibilidad a 
las infecciones. Lo que nos lleva a pensar que los niveles reducidos de estas hormonas 
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en los animales SM adultos (Llorente-Berzal et al., 2011, Llorente et al., 2011) pueden 
también estar relacionados con las alteraciones de su sistema inmunológico. 
3.9  Separación materna: alteraciones metabólicas y 
endocrinas relacionadas con el metabolismo energético y la 
función reproductora. Papel de la leptina. 
Otro hallazgo interesante, realizado por otros autores y ratificado en varios estudios por 
nuestro grupo, es que los animales SM muestran una reducción del peso corporal que se 
extiende hasta bien entrada la adolescencia o incluso la edad adulta, lo que sugiere una 
disfunción metabólica (Llorente-Berzal et al., 2011, Llorente et al., 2011). También en 
este caso resulta ser crucial el período en el que las crías se someten a la separación de 
la madre, de hecho, solo los animales expuestos al estrés de SM durante 24 horas en el 
DPN 9 mostraron este efecto a largo plazo sobre el pe so corporal, mientras que este 
efecto no se encontraba si la separación se realizaba los DPN4 o 18 (Gruss et al., 2008). 
Estos resultados nos hicieron pensar en algún otro factor que pudiera ser relevante 
durante el período de SM y que estuviera asociado con factores nutricionales y 
metabólicos. En concreto, enfocamos nuestro interés en la leptina, cuyos niveles 
habíamos visto disminuidos a DPN13 en los animales SM. Como ya se ha mencionado 
anteriormente, además de su papel en la regulación del equilibrio energético en la vida 
adulta, datos recientes sugieren que la leptina puede tener un rango más amplio de 
acciones, particularmente durante el crecimiento y el desarrollo. Recordemos por 
ejemplo lo dicho más arriba acerca del papel de la oleada neonatal de leptina sobre el 
desarrollo de los circuitos hipotalámico que regulará, en el animal adulto, el balance 
energético. Como se ha mencionado arriba, los estudios de Gruss et al. (2008) 
mostraron que el protocolo de SM es solo efectivo en cuanto a su capacidad de inducir 
un descenso del peso corporal a largo plazo si se realiza a DPN9, mientras que este 
efecto no se encontraba si la separación se realizaba a DPN4 o a DPN18. Este intervalo 
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de eficacia coincide con el aumento fisiológico posnatal de la leptina, que alcanza el 
máximo, precisamente el DPN10. 
Por tanto, el estrés de la SM podría estar interfiriendo con ese pico fisiológico de leptina 
que parece ser crucial para el desarrollo de los circuitos hipotalámicos que, en la edad 
adulta, se encargan de la correcta regulación del balance energético. Decidimos pues 
profundizar en los efectos de la SM sobre la leptina circulante, realizando un estudio de 
la evolución de los niveles de leptina en varios puntos antes (punto 0), durante (12 h) y 
después (24 h y 36 h) de la separación de la madre, así como sobre el desarrollo del 
hipotálamo. La SM redujo de forma drástica los niveles de leptina durante todo el 
período de estudio en ambos sexos (también se observaron CORT aumentada y glucosa 
disminuida durante el mismo período en los animales SM). Por mencionar algunos 
parámetros que se vieron afectados de forma sexo-dependientes en el hipotálamo. A las 
12 h y 24 h del comienzo de la SM, se encontraron disminuciones significativas en los 
niveles de ARNm de factor de crecimiento insulínico y de BDNF en el hipotálamo de 
los machos, mientras que en hembras se encontraron niveles de nestina disminuidos a 
las 24 de iniciada la SM (Viveros et al., 2010a). Es decir, que la SM produjo efectos 
sexo dependientes sobre el desarrollo del hipotálamo. En otro estudio confirmamos que 
a DPN13, es decir, 3 días después de volver a reunir a las crías con su madre, siguen 
observándose una significativa reducción de leptina y modificaciones en marcadores de 
recambio/maduración celular en el hipotálamo (Viveros et al., 2010a), lo que refuerza la 
idea de un efecto de la SM sobre el desarrollo del hipotálamo, en el que la reducción de 
los niveles de leptina podría tener un papel crucial. De forma interesante, la reducción 
de los niveles de leptina en los animales sometidos a SM está presente también cuando 
estos animales alcanzan la edad adulta. Además, los animales SM adultos también 
mostraron unos niveles significativamente reducidos de adiponectina en plasma 
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(Viveros et al., 2010b). Los cambios endocrinos en los niveles de leptina y adiponectina 
a largo plazo parecen apoyar la idea de que nuestro modelo de SM ejerce un efecto de 
“programación”, que afecta a importantes mecanismos relacionados con los procesos 
reguladores del balance energético, lo que probablemente explique el efecto duradero 
sobre el peso corporal. Las alteraciones hormonales de los animales SM adultos 
alcanzan también a hormonas relacionadas con la reproducción, de manera que otra 
consecuencias de la SM, observada a largo plazo, es una marcada reducción en los 
niveles de testosterona y estradiol en los machos SM adultos, que sugieren alteraciones 
en el eje HHG y en la función reproductora (Llorente et al., 2011). Además, la SM 
indujo a largo plazo una reducción significativa en los niveles del receptor 
glucocorticoide tipo GR hipocampal, lo que sugiere una alteración en los mecanismos 
de feedback del eje HHA que, como se sabe, es crucial en la regulación de la respuesta 
al estrés (Llorente et al., 2011). Resulta interesante recordar aquí dos aspectos que 
podrían relacionar las alteraciones del eje HHA y de la función reproductiva de los 
machos SM con su déficit de leptina. Por un lado, esta hormona ejerce acciones sobre el 
funcionamiento del eje HHA (Roubos et al., 2012). Por otra parte, diversos estudios 
indican un papel de la leptina en la regulación de la función reproductora. De hecho, la 
leptina parece actuar a todos los niveles del eje HHG en los machos (Landry et al., 
2013). 
Tabla 5: Cambios en el hipotálamo a distintos puntos tras la SM. 
HORAS tras la SM Machos Hembras 
12 ARNm IGF-1 y BDNF --- 
24 ARNm IGF-1 y BDNF Nestina (niveles proteicos) 
36 --- --- 
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3.10 Consideraciones finales sobre el modelo de separación 
materna: 
El presente protocolo de SM puede constituir un modelo animal, no solo de alteraciones 
comportamentales que recuerdan signos de tipo psiquiátrico, sino también de 
alteraciones endocrinometabólicas e inmunológicas, con un origen en el 
neurodesarrollo. Respecto a las perturbaciones de la programación neuroendocrina, 
presuntamente causadas por la SM, tienen especial relevancia el período de hipo-
reactividad al estrés y el pico fisiológico de leptina que coinciden, básicamente, con el 
período en el que se realiza el protocolo de SM (DPN9 a 10). Hemos descrito 
alteraciones en los niveles plasmáticos de glucocorticoides, de hormonas sexuales y de 
leptina, sistemas endocrinos cuya regulación reside de manera fundamental en el 
hipotálamo. Por tanto, cabe hipotetizar que la SM temprana haya producido un 
desarrollo inadecuado de los correspondientes circuitos hipotalámicos que, a su vez, 
haya comprometido la funcionalidad de estos sistemas fisiológicos. Más aún, en vista de 
las acciones extra-hipotalámicas y las implicaciones en alteraciones psiquiátricas que 
recientemente se han atribuido a la leptina (Oomura et al., 2006, Udagawa et al., 2006a, 
Walker et al., 2008, Paz-Filho et al., 2010), resulta plausible que los niveles reducidos 
de leptina de los animales SM estén relacionados con sus alteraciones 
comportamentales, e incluso que la interferencia con el pico fisiológico neonatal de 
leptina por el estrés de la SM, pueda contribuir también a perturbar el desarrollo de otras 
estructuras cerebrales como la formación hipocampal o el córtex frontal. Según el 
modelo-hipótesis de trabajo que proponemos, estas alteraciones del neurodesarrollo 
inducidas por unos niveles de CORT aumentados y unos niveles de leptina disminuidos 
tendrían consecuencias comportamentales (alteraciones en respuestas emocionales, 
función cognitiva…), observables en la edad adolescente y en la edad adulta. Nuestros 
resultados indican que el modelo de SM que venimos utilizando es capaz de inducir 
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efectos persistentes sobre mecanismos implicados en el control metabólico, así como 
alteraciones en el eje HHG y en el sistema inmunitario, funciones todas ellas en las que 
se halla implicada la leptina. Por lo que esta hormona podría tener un papel clave en la 
“intersección” de estas alteraciones funcionales (Dalamaga et al., 2013).  
 
 
 
 
 
 
 
 
 
 
 
 
 
HIPÓTESIS Y 
OBJETIVOS 
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Antecedentes próximos, Hipótesis y Objetivos 
 
Antecedentes próximos 
 
-En los últimos años hemos caracterizado el modelo de separación materna en ratas 
(SM, 24 horas a día postnatal, DPN 9) y hemos encontrado una serie de alteraciones 
comportamentales, endocrinas y metabólicas en los animales SM adolescentes y 
adultos. En efecto, este modelo de estrés neonatal es capaz de inducir efectos 
persistentes sobre mecanismos implicados en el control metabólico así como 
alteraciones en el eje hipotálamo-hipófisis gonadal, en la función reproductora y en el 
sistema inmunitario, funciones todas ellas en las que se haya implicada la leptina. 
Además, hemos descrito diversas alteraciones en el desarrollo de áreas cerebrales tales 
como hipotálamo, hipocampo y cortex frontal en los animales SM, y a estas 
modificaciones en el desarrollo neural atribuimos las alteraciones psiconeuroendocrinas 
que los animales SM muestran en etapas posteriores de su vida. 
 
-Existe una elevación fisiológica de los niveles de leptina circulantes que comienza en 
roedores alrededor del DPN5 alcanzando su máximo valor alrededor del DPN 9-10, y se 
ha demostrado que durante ese período la leptina ejerce una función neurotrófica sobre 
el hipotálamo en desarrollo. Hemos comprobado que los niveles de leptina se hayan 
drásticamente reducidos durante el período de separación materna, precisamente DPN 
9-10, una reducción aún observable a PND13, por lo que cabe suponer que con la SM se 
interfiere en la señalización de leptina en un período crítico para su acción neurotrófica.  
 
-Se han descrito receptores de leptina no solo en hipotálamo, sino también en 
hipocampo y otras áreas extra-hipotalámicas y existen datos que apuntan a que la 
leptina es una hormona pleiotrópica que, más allá de las funciones clásicas en el control 
metabólico y de la reproducción, tiene acciones neurotróficas y neuroprotectoras, así 
como ansiolíticas y antidepresivas en animales adultos   
 
- Se desconoce en gran parte la distribución y el significado funcional del sistema de 
kisspeptina durante el período neonatal, así como sus interacciones con leptina en etapas 
anteriores a la vida adulta.  
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-Nuestros experimentos previos han mostrado numerosos dimorfismos sexuales en 
cuanto a los efectos de la SM sobre el desarrollo de áreas hipotalámicas y extra-
hipotalámicas. Hasta lo que nosotros conocemos, no hay datos previos que hayan 
analizado posibles dimorfismos sexuales en la acción de neuroprogramación de la 
leptina neonatal. 
 
Hipótesis 
 
A la vista de los antecedentes descritos, proponemos que parte de los efectos deletéreos 
a largo plazo causados por el estrés neonatal de separación materna(SM) (24h entre los 
DPN9-10) sobre las funciones metabólicas y comportamentales, son debidos a las 
modificaciones en la oleada neonatal de leptina y a los consiguientes cambios en el 
desarrollo de distintas áreas cerebrales, tanto hipotalámicas como extra-hipotalámicas, 
observados en los animales SM. 
 
Objetivos 
 
Los objetivos específicos de esta Tesis Doctoral han sido los siguientes: 
 
1. Estudiar el impacto a corto plazo del bloqueo de la señalización por leptina en un 
período coincidente con el pico de su oleada fisiológica (DPN9) sobre el desarrollo del 
hipotálamo en machos y hembras de 13 días de edad. 
 
2. Analizar el impacto a medio plazo de la administración de un antagonista de leptina, 
durante un intervalo de tiempo coincidente con la oleada de leptina neonatal (DNP 5-9) 
sobre a) el desarrollo del hipotálamo y de regiones extra-hipotalámicas (hipocampo y 
cortex frontal), b) el establecimiento de la pubertad y c) niveles hormonales 
relacionados con la reproducción y el balance energético y d) sistema de kisspeptina, en 
animales macho y hembra peripuberales. 
 
3. Evaluar el papel restaurador de la leptina administrada durante un intervalo que 
incluye el período de la SM y hasta el DPN 13 sobre a) el desarrollo del hipotálamo y 
de regiones extra-hipotalámicas (hipocampo y cortex prefrontal), b) el establecimiento 
de la pubertad y c) niveles hormonales relacionados con la reproducción y el balance 
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energético y d) respuestas comportamentales (ansiedad, función cognitiva, 
comportamiento sexual) y e) sistema de kisspeptina, en animales adultos. 
 
4. Estudiar la respuesta metabólica a largo plazo de animales SM sometidos a un desafío 
consistente en la introducción de una dieta rica en grasas en el destete, sobre los 
siguientes parámetros: a) peso e ingesta diaria, b) niveles hormonales relacionados con 
el balance energético y c) niveles de neuropéptidos hipotalámicos y otros factores 
relacionados con el status nutricional del individuo, en animales adultos. 
 
Resultados esperados:  
 
-La administración de un antagonista de leptina durante la oleada neonatal de esta 
hormona, deberá tener efectos al menos en parte similares a los de la separación 
materna. 
 
-La administración de leptina en animales separados de la madre durante el período de 
la oleada de leptina revertirá o atenuará al menos algunos de los efectos de la separación 
materna. 
 
-La administración de una dieta rica en grasa en animales separados de la madre elevará 
los niveles de leptina de estos animales y, por tanto, contrarrestará o paliará al menos 
algunos de los efectos de la separación materna. 
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Capítulo 1: Un tratamiento neonatal con un antagonista de leptina 
pegilado tiene efectos sexo-dimórficos sobre factores tróficos y 
niveles de neuropéptidos hipotalámicos en ratas de 13 días de 
edad 
La leptina es una adipokina producida principalmente por los adipocitos que no solo 
está involucrada en el control metabólico, sino también en el desarrollo hipotalámico, y 
más específicamente, en el desarrollo de los circuitos neuronales que se encargarán de la 
regulación del balance energético en la edad adulta (Bouret et al., 2004, Bouret and 
Simerly, 2004, Pinto et al., 2004, Signore et al., 2008). De hecho, esta hormona puede 
modificar el crecimiento neuronal y la conectividad sináptica (Bouret et al., 2004, 
Bouret and Simerly, 2004, Pinto et al., 2004), así como la neurogénesis y la 
supervivencia celular de glia y neuronas (Udagawa et al., 2006a, Signore et al., 2008, 
Garza et al., 2012). Existe una oleada postnatal de leptina en roedores que comienza 
alrededor del día postnatal (DPN) 5, alcanzando su máximo valor entre los DPN 9 y 10, 
cuya duración y magnitud parece ser importante en el control metabólico y la ganancia 
de peso del animal en su vida adulta (Ahima et al., 1999, Yura et al., 2005, Delahaye et 
al., 2008, Cottrell et al., 2010). De hecho, modificaciones hipotalámicas debidas a 
cambios hormonales tempranos son responsables, al menos en parte, de algunas de estas 
consecuencias metabólicas a largo plazo (Bouret et al., 2004, Bouret and Simerly, 2004, 
Pinto et al., 2004). En estudios previos, hemos observado que un protocolo de 
separación materna (SM) durante un periodo de 24h en el DPN9, es decir, coincidiendo 
con el período en el que tendría que darse el pico de la oleada de leptina, provoca una 
caída drástica de los niveles de leptina circulantes durante el periodo de separación, así 
como modificaciones en el turnover celular y en los niveles de factores neurotróficos 
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hipotalámicos (Viveros et al., 2010a). Estas modificaciones en los marcadores del 
turnover y maduración celular también las observamos a DPN13 en el hipotálamo de 
animales SM, es decir, 3 días después de devolver a la madre con sus crías (Viveros et 
al., 2010b), lo que sugiere un efecto sobre el desarrollo hipotalámico que se mantiene en 
el tiempo. Es más, los niveles circulantes de leptina continúan reducidos en la edad 
adulta (Viveros et al., 2010b), lo que apunta a una modificación metabólica a largo 
plazo debida a la SM. Sin embargo, no está claro si las modificaciones en el desarrollo 
hipotalámico son un resultado de la disminución neonatal en los niveles de leptina 
inducida por la SM, o de otros cambios hormonales o metabólicos como el aumento de 
corticosterona o la disminución en la glicemia que también se observan en los animales 
SM (Viveros et al., 2010a). Con objeto de evaluar hasta qué punto la caída brusca en los 
niveles de leptina durante la SM y la consecuente disminución de la señalización 
mediada por leptina en ese período crítico neonatal es responsable de los cambios en el 
desarrollo hipotalámico, tratamos a ratas Wistar con un antagonista de leptina durante el 
período DPN 9-10 y evaluamos a PND 13 (la misma edad en la que habíamos 
encontrado alteraciones en el hipotálamo de animales SM), parámetros indicativos de 
turnover y maduración celular hipotalámica, así como factores tróficos neuronales y 
niveles de neuropéptidos implicados en el control metabólico. Los experimentos se 
llevaron a cabo en animales de ambos sexos, con el fin de evaluar posibles dimorfismos 
sexuales.  
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Diseño experimental 1.1: Para este experimento fueron criadas ratas de la cepa Wistar de 
ambos sexos.  Consideramos el día de nacimiento como DPN0. En el DPN9 a las 9.00 h se 
administró la primera dosis (5mg/kg) de antagonista de leptina (PLR, Rehovot, Israel) o de 
vehículo (salino) por vía subcutánea (sc) y se repitió el mismo procedimiento a las 21.00 h. En 
el DPN13 los animales fueron sacrificados por decapitación para la obtención de las muestras 
necesarias: plasma para le análisis hormonal por ELISAS y RIA, e hipotálamo para el análisis 
de marcadores del turnover celular por RT-qPCR. El experimento constó de 4 grupos 
experimentales (machos control, machos tratados, hembras control, hembras tratadas) con una n 
de 12 animales por grupo experimental. 
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Diseño experimental 1.2: Para este experimento fueron criadas ratas de la cepa Wistar de 
ambos sexos. Consideramos el día de nacimiento como día postnatal DPN0. En el DPN9 a las 
9.00 h se administró la primera dosis (5mg/kg) de antagonista de leptina (PLR, Rehovot, Israel) 
o de vehículo (salino) por vía subcutánea (sc) y se repitió el mismo procedimiento a las 21.00 h. 
En el DPN10, 45 minutos antes de sacrificar al animal se administró una dosis de leptina 
(3mg/kg) por vía intraperitoneal (ip) o de vehículo (salino) para comprobar la efectividad del 
antagonista. Se extrajo el cerebro y se fijó por inmersión en paraformaldehido 4% para después 
llevar un análisis inmunohistoquímico de la fosforilación de STAT3 como molécula de la ruta 
de señalización de leptina. El experimento constó de 8 grupos experimentales (machos control + 
vehículo, machos control + leptina, machos tratados + vehículo, machos tratados + leptina, 
hembras control + vehículo, hembras control + leptina, hembras tratadas + vehículo, hembras 
tratadas + leptina) con una n de 12 animales por grupo experimental. 
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Resultados principales y conclusiones parciales 
Tanto en machos como en hembras, el antagonista de leptina consiguió bloquear a 
STAT3 en respuesta a un tratamiento agudo con leptina, lo que demuestra que el 
antagonista de leptina pegilado bloquea las acciones de esta hormona en ratas 
neonatales. En las hembras, los niveles hipotalámicos de ARNm para BDNF, para 
CART y para el receptor de leptina, se vieron aumentados por el tratamiento, así como 
los niveles de nestina y vimentina. Hubo además un aumento en la muerte celular 
hipotalámica observado en las mediciones de fragmentación del ADN de dichas células, 
con un cambio en el ratio BCl2/Bax hacia el equilibrio anti-apoptótico. Sin embargo, en 
los machos no se encontraron cambios en el hipotálamo debidos al tratamiento. En 
estudios realizados en la misma franja temporal (DPN13) con ratas SM no se 
observaron cambios en los niveles de ARNm para neuropéptidos encargados del control 
metabólico (CART, NPY, POMC y AgRP), pero, al igual que con el tratamiento del 
antagonista, sí se vieron aumentados en ambos sexos los niveles proteicos de nestina a 
DPN13 y los niveles de ARNm para BDNF a DPN35 (Viveros et al., 2010b). Es decir, 
que los efectos del antagonista administrado a PND 9 no son exactamente los mismos 
que los producidos por la SM, lo que nos lleva a pensar en otros factores que implica la 
SM, además de la reducción de la acción de la leptina, que también deben contribuir de 
manera importante a los efectos de este estrés neonatal. Esta idea viene apoyada por el 
hecho de que, en el hipocampo de los animales de este mismo estudio con el antagonista 
de leptina, también encontramos resultados sólo en parte similares a los producidos por 
la SM en esta área cerebral extra-hipotalámica (Lopez-Gallardo et al., 2015). En ambos 
estudios sin embargo encontramos alteraciones a corto plazo (DPN 13) en el desarrollo 
hipotalámico e hipocampal, como consecuencia del bloqueo farmacológico de la acción 
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de la leptina a DPN 9, lo que permite afirmar la importancia de la acción de esta 
hormona en esta ventana temporal, para el correcto desarrollo de estas áreas cerebrales 
Siguiendo con los resultados del presente experimento, dado que el antagonismo de las 
acciones de leptina, en un período en el que la oleada fisiológica de ésta debería estar en 
un máximo, afecta al recambio y a la maduración celular hipotalámica de una manera 
sexo-dependiente, resulta plausible que cambios en esta hormona, al menos durante este 
período postnatal, pudiera afectar de manera distinta al desarrollo hipotalámico de 
machos y hembras, lo que podría contribuir a explicar diferentes respuestas a 
modificaciones en el entorno nutricional temprano debidas al sexo del animal. El 
tratamiento con el antagonista de leptina no tuvo consecuencias sobre la ganancia de 
peso del animal, a diferencia de lo observado en estudios anteriores con el protocolo de 
SM (Viveros et al., 2010b), lo que apoya la hipótesis de que la leptina no tiene efectos 
anorexigénicos en este periodo neonatal. Finalmente, está claro que el antagonismo de 
las acciones de leptina en esta franja temporal (durante el desarrollo neonatal) afecta de 
manera diferente al recambio y a la maduración celular hipotalámica de machos y 
hembras. Uno de los interrogantes que plantea este experimento es si la eficiencia 
metabólica a largo plazo se verá afectada en adultos de distinta manera en función del 
sexo del animal. 
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Leptin, an adipokine produced mainly by adipocytes, is not only
involved in metabolic control, but also is implicated in hypothalamic
development and most specifically in the development of neuronal
circuits that control metabolic function (1–6). Indeed, leptin has
been shown to modify neuronal outgrowth and synaptic connectiv-
ity (1–3), as well as neurogenesis and neuronal and glial survival
(4–6). There is a postnatal leptin surge in rodents, beginning around
postnatal day (PND) 5 in males and peaking between PND9 and 10,
with the timing and magnitude of this surge being important for
normal metabolic control and weight gain in the adult animal
(7–12). Indeed, it is clear that some of the long-term metabolic
outcomes in response to early changes in the neonatal hormonal
environment are partly the result of structural modifications in the
hypothalamus (1–3). Thus, pathophysiological situations that affect
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It is clear that the prenatal and early neonatal environments are important for determining the
metabolic equilibrium in the adult animal, with prenatal ⁄ neonatal leptin levels being at least
one of the factors involved. Leptin modulates hypothalamic development and, in particular, the
neuronal circuits involved in metabolic control. We have recently reported that maternal depri-
vation (MD) for 24 h on postnatal day (PND) 9 modifies trophic factors and markers of cell
turnover and neuronal maturation in the hypothalamus, as well as body weight and circulating
leptin levels at PND13, with long- term effects on weight gain and circulating metabolic hor-
mones in the adult. Moreover, these responses are sexually dimorphic. During MD, a dramatic
decline in leptin levels is observed; thus, we aimed to determine which of the previously
observed changes in markers of hypothalamic development might be attributed to the decline in
this metabolic signal. Accordingly, male and female rats were treated with a pegylated leptin
antagonist on PND9. In both sexes, hypothalamic signal transducer and activator of transcription
3 activation in response to acute leptin treatment was blocked by the antagonist. In females,
hypothalamic mRNA levels for brain-derived neurotrophic factor, cocaine- and amphetamine-
regulated transcript and the leptin receptor were increased, as were nestin and vimentin levels.
There was also an increase in cell death in the hypothalamus, with a shift towards an anti-
apoptotic balance in the Bcl2 ⁄BAX ratio. No hypothalamic effects were seen in males. Because
antagonism of the actions of leptin at this specific neonatal stage affects hypothalamic cell
turnover and maturation in a sex-specific manner, changes in this hormone, at least at this
postnatal age, may differentially affect hypothalamic development in males and females, and
may explain some of the reported sexually dimorphic responses to modifications in the early
nutritional environment.
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the levels of specific hormones such as leptin during critical periods
of development could induce long-term effects on metabolic con-
trol by modifying hypothalamic development.
We have recently shown that removal of rat pups from their
mothers for 24 h beginning on PND9 drastically reduces circulating
leptin levels during the separation period and that this is coincident
with modifications in hypothalamic cell turnover and levels of spe-
cific neurotrophic factors (13). These modifications in markers of
cell turnover ⁄maturation can be observed in the hypothalamus
even at PND13, 3 days after returning the pups to their mothers’
cages (14), suggesting a continued effect on hypothalamic develop-
ment. Moreover, circulating leptin levels remain significantly
reduced in adulthood (14), indicating long-term metabolic affecta-
tion in response to MD. However, it is not clear whether the modi-
fications in hypothalamic development are a result of the neonatal
decrease in leptin induced by MD or to other hormonal or meta-
bolic changes, such as the rise in corticosterone or the decline in
glycaemia that are also observed during the same time-frame (13).
Maternal deprivation, similar to models of maternal stress,
changes in the neonatal hormone environment and other develop-
mental modifications, has sexually dimorphic long-term endocrine
effects (13–18). Thus, the present study aimed to analyse how a
decrease in leptin levels at PND9 affects hypothalamic cell turnover
and maturation, as well as neuronal trophic factors and metabolic
neuropeptide levels, and also to determine whether there is a sexu-
ally dimorphic response. Accordingly, the neonatal leptin surge was
blunted at PND9–10 in both male and female pups by employing a
pegylated leptin antagonist. The addition of a polyethylene glycol
molecule has been shown to increase the half-life of this leptin
antagonist by 14.4-fold, with the anti-leptin effects being mediated,
at least in part, by inhibiting the transport of leptin across the
blood–brain barrier, thus inhibiting its central activity (19).
Materials and methods
Animals
All experiments were designed according to the European Communities
Council Directive (86 ⁄ 609 ⁄ EECC) for animal care and the Real Decreto
1201 ⁄ 2005 of the Spanish Government. The study was approved by the
local institutional ethical committee.
Wistar rats were purchased from Harlan Interfauna Ibe´rica SA (Barcelona,
Spain). Rats were allowed to acclimate to the new environment for approxi-
mately 2 weeks before mating. After mating and pregnancy was confirmed,
dams were housed individually and fed ad lib. until the end of pregnancy. At
birth (PND 0), litters were adjusted to eight pups per mother (four males and
four females). No cross-fostering was employed and in all analyses at least
three different litters of each experimental group were employed. The animals
were maintained under an inverse 12 : 12 h light ⁄ dark cycle (red light on
08.00 h, white light on 20.00 h) at constant temperature (22  1 C).
Leptin antagonist treatment
On PND9 rats were injected s.c. with 5 mg ⁄ kg body weight of rat pegylated
leptin antagonist (PLR, Rehovot, Israel) dissolved 1 : 9 in saline. The animals
received two injections (at 09.00 h and 21.00 h), for a total of
10 mg ⁄ kg ⁄ 24 h. This dose was chosen because it was the lowest dose dem-
onstrated to induce weight gain in mice (19). Control rats were injected with
the same volume of vehicle (2.5 ml ⁄ kg). After each injection, the animals
were immediately returned to their mothers. Each experimental group con-
sisted of 16 animals.
The rats were weighed and then killed by decapitation on PND13. After
decapitation, trunk blood was collected in tubes coated with ethylenedi-
aminetetraacetic acid (EDTA) and immediately placed on ice. The blood was
centrifuged for 15 min at 1 800 g and the plasma samples were collected
and stored at )80 C until hormone levels were measured. The brains were
rapidly removed, the hypothalamus dissected, frozen in liquid nitrogen, and
stored at )80 C until processed.
Acute leptin treatment
As described above, PND9 rats were injected at 09.00 h and 21.00 h with
the antagonist or vehicle. Twelve hours after the last injection of antagonist
or vehicle, the animals received an injection (i.p.) of leptin (3 mg ⁄ kg) or
vehicle (saline). Forty-five minutes after receiving either leptin or vehicle, the
animals were decapitated (n = 6 per group) and the brain removed and
placed in 4% paraformaldehyde for 48 h. The brains were then placed in a
cryoprotector solution (30% ethylene glycol and 30% sucrose in phosphate
buffer) and stored at )20 C until processed for immunohistochemistry.
Immunohistochemistry
Coronal sections (40 lm) were obtained throughout the hypothalamus using
a vibrotome (Leica VT1200S; Leica Biosystems, Nussloch, Germany). Immuno-
histochemistry was carried out in flotation. Tissue sections were rinsed in
phosphate-buffered saline (PBS) and then incubated in 1% NaOH and 1%
H2O2 (20 min), 0.3% glycine (10 min) and 0.03% sodium dodecyl sulphate
(10 min). After rinsing in PBS, they were blocked with 3% BSA and 1% Tri-
ton. The sections were then incubated for 48 h with anti-phosphorylated
(p)-signal transducer and activator of transcription (STAT) 3 antibody (Cell
Signaling, Danvers, MA, USA) at a dilution of 1 : 500. Afterwards the sec-
tions were incubated with anti-rabbit biotin (dilution 1 : 1000) for 2 h, fol-
lowed by streptavidin Alexa Fluor 488 (dilution 1 : 1000; Molecular Probes,
Leiden, The Netherlands) for 1 h. Sections were mounted and cover-slipped
with Clear Mount (Electronic Microscopy Sciences, Hatfield, PA, USA). Sec-
tions from all animals were run in the same assay. Controls were run in
parallel by omission of the primary antibody and no specific staining was
observed. Immunofluorescence was visualised and images were captured
using a DMIR confocal microscope (Leica, Wetzlar, Germany). Images were
captured with a · 63 objective from sections throughout the hypothalamus
from each animal (five tissue sections per animal). The same parameters
(laser intensity, filters, resolution, etc.) were used for all images.
For quantitative analysis, IMAGEJ, version 1.45m (National Institutes of
Health, Bethesda, MD, USA) was used. Because the majority of the pSTAT3-
positive cells were observed in the arcuate nucleus, quantification was per-
formed in this brain area. Images containing the arcuate nucleus (eight to
ten per animal) were selected and coded such that the person performing
the analysis was unaware of the experimental group. No manipulation of
images was performed and the same threshold values were used for all
images. The number of pSTAT3-positive cells was determined in each section
of the arcuate nucleus. Results are reported as the mean number of
cells ⁄ field ⁄ animal.
Insulin enzyme-linked immunosorbent assay (ELISA)
Plasma insulin levels were determined by using an ELISA kit from Mercodia
(Uppsala, Sweden). This assay has a sensitivity of 0.07 lg ⁄ l and inter- and
intra-assay coefficients of variation of 3.3% and 2%, respectively. Absor-
Sexual dimorphism of neonatal leptin antagonism 757
Journal of Neuroendocrinology, 2012, 24, 756–765 ª 2012 The Authors.
Journal of Neuroendocrinology ª 2012 Blackwell Publishing Ltd
bance in each well was measured by using a Tecan Infinite M200 (Gro¨dig,
Austria) and serum concentrations were calculated from the standard curve.
All samples were run in duplicate and within the same assay for all analy-
ses.
Corticosterone radioimmunoassay
Corticosterone was measured using a solid phase I125 radioimmunoassay
(Immunochem Double Antibody Cort; MP Biomedicals, Illkirch, France). The
detection limit was 7.7 ng ⁄ml and the inter- and intra-assay coefficients of
variation were less than 10%.
Cell death detection ELISA
This photometric enzyme immunoassay, which detects cytoplasmic histone-
associated DNA fragments (mono- and oligonucleosomes) produced after
cell death, was carried out in accordance with the manufacturer’s instruc-
tions (Cell Death Detection ELISA; Roche Diagnostics, Mannheim, Germany)
as previously described (20). Each sample was measured in duplicate and
background measurements subtracted from the mean value of each sample.
Samples from all experimental groups were run in the same assay. Results
were normalised to protein levels in each sample. This assay has a detection
limit of approximately 50 dead cells ⁄well with the inter- and intra-assay
coefficients of variation being 8.5% and 4.3%, respectively.
Western blotting
Tissue was homogenised on ice in 300 ll of radioimmunoprecipitation assay
lysis buffer with an EDTA-free protease inhibitor cocktail (Roche Diagnos-
tics). After homogenisation, samples were left overnight at )80 C. The next
day, they were centrifuged at 11 000 g for 20 min at 4 C. Supernatants
were transferred to a new tube and the protein concentration was estimated
by Bradford protein assay (Bio-Rad, Hercules, CA, USA).
In each assay, the same amount of protein was loaded in all wells (20–
35 lg) depending on the protein to be detected and resolved by using 8–
12% sodium dodecylsulphate-acrylamide gels. After electrophoresis, proteins
were transferred to polyvinylidine difluoride membranes (Bio-Rad) and the
transfer efficiency was determined by Ponceau red dyeing. Filters were then
blocked with Tris-buffered saline containing 5% (w ⁄ v) nonfat dried milk and
incubated with the appropriate primary antibody. The antibodies employed
included anti-nestin (Chemicon, Temecula, CA, USA) at a dilution of 1 : 500.
Anti-Bax (Neomarkers, Fremont, CA, USA), anti-proliferating cell nuclear
antigen (PCNA; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-glial
fibrillary acidic protein (GFAP; Sigma, St Louis, MO, USA) and anti-b actin
(Santa Cruz Biotechnology) were used at a dilution of 1 : 1000. Membranes
were subsequently washed and incubated with the corresponding secondary
antibody conjugated with peroxidase (dilution 1 : 2000; Pierce, Rockford, IL,
USA). Bound peroxidase activity was visualised by chemiluminescence and
quantified by densitometry using the Gel Logic 1500 Image Analysis System
and KODAK MOLECULAR IMAGING software, version 4.0 (Kodak, Rochester, NY, USA).
All blots were rehybridised with actin to normalise each sample for gel-load-
ing variability. All data are normalised to male control values on each gel.
RNA preparation and quantitative real-time polymerase
chain reaction (PCR)
Total RNA was extracted from the hypothalami according to the Tri-Reagent
(Invitrogen, Carlsbad, CA, USA) protocol and cDNA was then synthesised
from 2 lg of total RNA by using a High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, Foster City, CA, USA) in accordance with the
manufacturer’s instructions. Quantitative real-time PCR was performed by
using assay-on-demand kits (Applied Biosystems) for neuropeptide-Y (NPY;
Rn01410145_m1), agouti-related peptide (AgRP; Rn014311703_g1), proopio-
melanocortin (POMC; Rn00595020_m1), cocaine- and amphetamine-regu-
lated transcript (CART; Rn00567382_m1), leptin receptor (ObR;
Rn01433250_m1), insulion-like growth factor (IGF)-1 (Rn99999087_m1),
brain-derived neurotrophic factor (BDNF) (Rn01484924_m1) and phospho-
glycerate kinase (pgk1; Rn00569117_m1). TaqMan Universal PCR Master Mix
(Applied Biosystems) was used for amplification in accordance with the
manufacturer’s instructions in an ABI PRISM 7000 Sequence Detection Sys-
tem (Applied Biosystems). All samples were run in duplicate. Values were
normalised to the housekeeping gene pgk1, which did not vary amongst the
experimental groups. In accordance with the manufacturer’s guidelines, the
DDCT method was used to determine relative expression levels. Statistics
were performed using DDCT values.
Statistical analysis
All data are presented as the mean  SEM. Data were analysed using two-
way ANOVA to determine the effects of sex and treatment. Tukey’s test was
used for post-hoc comparisons. P < 0.05 was considered statistically signifi-
cant. Only physiological or experimentally relevant comparisons are shown
graphically.
Results
Blockage of STAT3 activation in response to leptin
To demonstrate that the antagonist was able to block the effects of
leptin in the hypothalamus, the response to an acute increase in
leptin was determined. There was an effect of the antagonist
(F1,12 = 30.644, P < 0.0001) and leptin (F1,12 = 47.101, P < 0.0001),
with an interaction between these two factors (F1,12 = 27.216,
P < 0.0002) on the number of pSTAT3-positive cells in the arcuate
nucleus. Increased pSTAT3 labelling was seen in control animals
45 min after leptin (Lep) administration, whereas little labelling was
seen in response to saline (Sal) (Fig. 1). In antagonist-treated rats,
there was no significant difference observed in the nuclear pSTAT3
labelling after either saline or leptin treatment (Males: ContSal
3.9  1.8, ContLep 56.3  10.0, AntagSal 3.0  0.2, AntagLep
12.5  1.8; Females: ContSal 4.4  1.9, ContLep 36.8  5.1, Antag-
Sal 3.0  0.6, AntagLep 5.1  2.1 cells ⁄ area; ANOVA: P < 0.0001).
Weight gain and serum hormone levels
Although treatment with the leptin antagonist tended to reduce
weight gain between treatment and PND13, this did not reach sta-
tistical significance (Fig. 2A). There was no significant difference
between groups in circulating insulin levels (Fig. 2B) or corticoste-
rone levels (Fig. 2C).
Hypothalamic cell turnover and trophic factors
There was an increase in cell death in the hypothalamus of female
rats treated with the leptin antagonist, with no effect in males
(F1,21 = 7.034, P < 0.02; Fig. 3A). There was no significant difference
between experimental groups in cell proliferation, as indicated by
PCNA levels (Fig. 3B).
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There was an effect of sex (F1,23 = 14.701, P < 0.001) on the hypo-
thalamic levels of the apoptotic protein BAX, with males having
higher level than females and with this being significant in antago-
nist-treated animals (Fig. 3C). However, there was no effect of the
antagonist or sex on levels of the anti-apoptotic protein Bcl-2a
(Fig. 3D). The ratio Bcl-2a ⁄ BAX was significantly higher in females
compared to males (F1,20 = 12.731, P < 0.005) and treatment with
the antagonist significantly increased this ratio in females (P < 0.05).
There was no significant effect of either sex or the antagonist on
hypothalamic IGF-1 mRNA levels (Fig. 4A). However, the antagonist
increased hypothalamic BDNF mRNA levels in female rats
(F1,23 = 17.263, P < 0.0001; Fig. 4B). There was an interaction
between sex and antagonist treatment (F1,21 = 8.045, P < 0.01) on
nestin levels, a marker of immature neurones. In the antagonist-
treated females, nestin levels were significantly increased compared
to males treated with the antagonist, as well as compared to con-
trol females (Fig. 4C).
Levels of vimentin, a marker of immature and reactive astrocytes,
were affected by sex (F1,21 = 11,634; P < 0.005), with an interaction
between sex and antagonist treatment (F1,21 = 11,043; P < 0.005).
Females treated with the leptin antagonist had significantly higher
hypothalamic vimentin levels compared to control females and to
males treated with the antagonist (Fig. 4D). There was an effect of
sex on hypothalamic GFAP levels (F1,23 = 7.573, P < 0.05), with
control females having lower levels than males (Fig. 4E), but no
effect of the leptin antagonist was observed.
Hypothalamic neuropeptides
There was no significant effect of either sex or antagonist treat-
ment on hypothalamic NPY, AgRP or POMC mRNA levels (Fig. 5A–C).
However, CART mRNA levels (Fig. 5D) were affected by both sex
(F1,23 = 21.831, P < 0.0001) and antagonist treatment
(F1,23 = 11.354, P < 0.005), with an interaction between sex and
treatment (F1,23 = 9.814, P < 0.005). The leptin antagonist induced
a significant increase in female rats but had no effect on CART
mRNA levels in male rats.
Leptin receptor
Leptin receptor mRNA levels in the hypothalamus were modified by
both sex (F1,23 = 17.740, P < 0.0001) and antagonist treatment
3V
3V
3V
3V
Arc
Arc
Arc
Arc
Control + saline Control + leptin
Antagonist + saline Antagonist + leptin
Fig. 1. Photomicrographs of immunofluorescent labelling of phosphorylated (p)-signal transducer and activator of transcription (STAT) 3 in the hypothalamus
of male rats. Rats received either vehicle (saline) or an injection of pegylated leptin antagonist [6 mg ⁄ kg body weight (bw) each injection; i.p.] on postnatal
day (PND) 9 at 09.00 h and 21.00 h. Twelve hours after the last injection of antagonist or vehicle, half of each group received an injection of either vehicle
(saline) or leptin (3 mg ⁄ kg bw; i.p.). The animals were killed 45 min after the leptin administration (n = 6). Similar results were observed in females. 3V, third
ventricle; Arc, hypothalamic arcuate nucleus. Arrows indicate pSTAT-positive cells. Scale bar = 20 lm.
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(F1,23 = 4.590, P < 0.05), with the leptin antagonist significantly
increasing ObR mRNA levels in the hypothalamus of females, with
no effect in males (Fig. 5E).
Discussion
Attachment of a polyethylene glycol molecule to the antagonist
used in the present study reduces its renal clearance and prolongs
its half-life, with circulating levels previously reported to be
increased 24 h after administration to adult animals (19). Although
this antagonist does not readily enter the central nervous system
of adult animals, it rapidly blocks the transport of leptin across the
blood–brain barrier and also enters slowly into different central
nervous system regions, including the hypothalamus (19), where it
antagonises leptin at the level of its receptor. As the blood–brain
barrier matures with age, the antagonist may have increased access
to central areas in these immature rats. The increase in the number
of pSTAT3-positive cells in the arcuate nucleus observed in control
animals in response to an acute rise in leptin was blocked by the
antagonist, suggesting that this treatment is indeed inhibiting the
actions of this hormone.
This leptin antagonist has previously been shown to induce food
intake and weight gain in adult female mice (19). By contrast,
although weight gain tended to decrease in response to the antag-
onist, this change was not significant, whereas food intake was not
measured in these nursing pups. No significant change in weight
could be a result of the short treatment duration. In normal mature
animals, blockage of the actions of leptin would be expected to
increase weight gain. However, it is reported that leptin does not
induce its anorectic effects until later in postnatal development (21,
22), which could explain the lack of effect in the present study. We
found no change in POMC, NPY or AgRP mRNA levels, supporting
the hypothesis that leptin may not be a main modulator of these
neuropeptides during this time-period. However, Proloux et al., (22)
reported that, although neonatal leptin treatment does not signifi-
cantly alter weight gain, both NPY and POMC mRNA levels are
modified. Because anatomically-specific effects of leptin on these
neuropeptides were demonstrated, it is possible that there were
changes in subpopulations of NPY and ⁄ or POMC neurones in
response to the antagonist that were not detected by reverse trans-
criptase-PCR analysis of the whole hypothalamus. By contrast, we
did detect an increase in CART mRNA levels in females treated with
the leptin antagonist with this methodology. This neuropeptide is
not only involved in metabolic balance, but also is involved in other
physiological functions, such as stress or other behaviours, with its
modulation also shown to be sexually dimorphic (23, 24). Thus, it is
possible that this effect is unrelated to metabolism.
During early life, one of the primary roles of leptin may be to
modulate development of the neuronal circuits that will later con-
trol metabolic function. The timing and amplitude of the leptin
surge may be an indication of the nutritional environment to which
the individual is to be, or has been born (8, 10, 11). This could then
induce the metabolic circuitry to develop accordingly. Indeed, modi-
fications in this surge, either pharmacologically or physiologically,
were shown to have long-term effects on metabolism, some of
which have been associated with changes in hypothalamic structure
(8, 10–12). We have previously shown that circulating leptin levels
decrease dramatically in both male and female pups within 12 h
after removal from their mothers (13) and that they remain signifi-
cantly reduced into adulthood (14). This MD procedure results in
changes in hypothalamic neurotrophic factors and markers of cell
turnover and maturation both during the separation period and at
least 3 days after return of the mother to the home cage, with
many of these effects being sexually dimorphic. In the present
study, we show that the specific blockage of the actions of leptin
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at PND9 also modifies hypothalamic cell turnover and markers in a
sexually dimorphic manner, although differently from that seen
with MD.
Maternal deprivation increased cell proliferation and apoptotic
proteins in the hypothalamus of male rats, with an increase in nes-
tin in both sexes at PND13. By contrast, the hypothalamic modifi-
cations in response to the blockage of the actions of leptin on
PND9 were only observed in female rats. At PND13, female rats
receiving the antagonist had an increase in cell death, BDNF, ObR
and CART mRNA levels and protein levels of nestin, vimentin and
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the Bcl2 ⁄ BAX ratio. Because leptin is known to increase cell survival
(4), increased cell death is coherent with blockage of its effects.
Up-regulation of the leptin receptor, increased neurotrophic factor
production and an increase in cell survival signals could all be in
response to the increase in cell death. Similarly, a shift to a neuro-
protective Bcl2 ⁄BAX ratio is often seen in response to increased cell
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death (25). Moreover, protein levels of nestin and vimentin, markers
of immature neurones and astrocytes, were increased. Because no
increase in cell proliferation was found, these changes could possi-
bly indicate a delay in cell maturation. However, because vimentin
is also increased in activated astrocytes, we cannot discard the pos-
sibility of glial activation.
The lack of effect in male animals could be a result of the differ-
ential timing of hypothalamic development (26), with the effects of
leptin blockage in this sex possibly being more obvious before or
after PND13. In addition, differential hormonal influences exist
between the sexes during development, which will also modify their
response to specific perturbations of the early environment (27).
What is clear is that hypothalamic cell turnover and maturation are
differentially affected in males and females, and this could help to
explain the long-term sequale in response to changes in food
intake and circulating leptin levels during early development that
are different between the sexes (13–18). A comparison of the long-
term metabolic results in response to the experimental paradigm
reported in the present study remains to be determined. However,
we have demonstrated that a single injection of this leptin antago-
nist on PND9 induces a delayed reduction in weight gain and fat
mass in male rats (28).
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As stated above, leptin antagonism at PND9 did not mimic the
majority of the hypothalamic effects previously observed in
response to MD at the same age. Maternal deprivation results in a
number of stresses that could affect the development of the ani-
mal, including thermal stress, fasting and loss of maternal care. In
addition to reducing circulating leptin levels, MD also increases
serum corticosterone levels and reduces glycaemia. In the present
study, there was no change in corticosterone levels and the pups
remained with their mothers. Although endogenous leptin levels
could not be accurately measured in these animals as a result of
the cross-reactivity of the antagonist with leptin antibodies, hypo-
thalamic leptin signalling was blocked in both sexes. Thus, the dif-
ferences between the two outcomes could be attributed to some of
these other influences, including possible changes in glycaemia,
which were not measured in these animals. In addition, it should
be noted that some of the basal differences reported between male
and female control animals at PND13 in our previous study (14)
were not observed in the present study. In the present study, the
control animals were injected with vehicle; thus, this stress may
have induced differential responses in males and females. In addi-
tion, because there are rapid developmental changes at this early
age, as well as circadian modulations in many of the factors exam-
ined (13), a small change in timing could significantly modify the
results.
In summary, the results reported in the present study demon-
strate that the pegylated antagonist blocks the actions of leptin in
neonatal rats, as demonstrated by the lack of STAT3 activation in
response to a leptin bolus. Moreover, blockage of leptin did not
have the weight gain effect previously reported to occur in adult
animals (19), supporting the hypothesis that leptin does not have
an orexigenic effect at this age. Finally, it is clear that antagonism
of the actions of leptin actions at this time-point during neonatal
development affects male and female hypothalamic cell turnover
and maturation differently. Whether long-term metabolic efficiency
is differentially affected in adult males and females remains to be
determined.
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Capítulo 2: El bloqueo de la oleada neonatal de leptina afecta a la 
expresión génica de factores de crecimiento, proteínas gliales y 
neuropéptidos involucrados en el control del metabolismo y de la 
reproducción en ratas machos y hembras peri-puberales.  
Recientemente, se están analizando con especial interés los efectos de la leptina sobre el 
sistema kisspeptina (Tena-Sempere, 2013). Las kisspeptinas son una familia de péptidos 
codificados por el gen Kiss1 que actúan a través de su unión y subsecuente activación 
del receptor acoplado a proteína G, GPR54, también llamado Kiss1R (Pinilla et al., 
2012). Este sistema está ampliamente expresado en el hipotálamo y es esencial para el 
control de la pubertad y la función reproductora (Pasquier et al., 2014). Se sabe que 
cambios en los niveles de leptina afectan a la expresión de kisspeptinas hipotalámicas, 
lo que sugiere que, al menos en parte, los efectos de la leptina sobre el eje Hipotálamo-
Hipófisis-gonadal (HHG) podrían ocurrir a través de esta red neuronal, ya sea de 
manera directa o indirecta (Tena-Sempere, 2013). Existen otros sistemas de 
neuropéptidos que interactúan con el de kisspeptinas en el control central de la entrada 
en la pubertad y de la función reproductora. Entre estos, la hormona inhibitoria de la 
gonadotropina, RPRP, ha sido propuesta como hormona de efectos antagónicos a las de 
las kisspeptinas en el control central del eje HHG (Leon et al., 2014). No se han 
investigado, sin embargo, los efectos que pudiera tener la oleada neonatal de esta 
hormona, sobre la maduración y funcionalidad del sistema de kisspeptina. En el capítulo 
anterior, hemos observado como el bloqueo de la acción de la leptina con un antagonista 
pegilado en el DPN9 provoca múltiples cambios en los niveles de factores tróficos, 
expresión de neuropéptidos, niveles de receptores, recambio celular y marcadores 
celulares a nivel hipotalámico en el DPN13. En este capítulo hipotetizamos que la 
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interferencia de la señalización neonatal de leptina podría ejercer efectos a más largo 
plazo sobre los circuitos neuronales hipotalámicos y que esto podría afectar a los 
cambios fisiológicos y eventos neuroendocrinos que ocurren durante la etapa peri-
puberal. Para evaluar dicha hipótesis, investigamos los efectos de la administración de 
un antagonista de leptina (similar al anterior pero más potente), durante un período 
coincidente con la oleada neonatal de esta hormona, sobre la expresión de factores 
tróficos, función metabólica, y expresión hipotalámica de neuropéptidos anorexigénicos 
y orexigénicos, así como sobre el sistema kisspeptina en el periodo peri-puberal.  
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Diseño experimental 2: Para este experimento fueron criadas ratas de la cepa Wistar de ambos 
sexos.  Consideramos el día de nacimiento como día postnatal DPN0. Entre los DPN5-9 a las 
9.00 h se llevó a cabo el tratamiento con el antagonista de leptina (5mg/kg/día sc) o con el 
mismo volumen de inyección (2.5ml/kg) de vehículo (agua destilada). En el DPN22 se procedió 
al destete y se comenzó el control de peso ingesta semanal. En el DPN30 se inició el control de 
pubertad hasta un día antes del sacrificio del animal. En el DPN33 (para las hembras) y 43 (para 
los machos) los animales fueron sacrificados por decapitación tras 12 h de ayuno, se recogió 
sangre del tronco y se diseccionó el cerebro para la extracción del hipotálamo y la hipófisis. 
Además se recogieron muestras de tejido adiposo subcutáneo y grasa parda. El tejido se congeló 
en nitrógeno líquido y se conservó a -80º hasta su procesamiento. El experimento constó de 4 
grupos experimentales (machos controles, machos tratados, hembras controles y hembras 
tratadas) con una n de 12 animales por grupo experimental. 
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Resultados principales y conclusiones parciales 
Ya hemos indicado la importancia de la leptina sobre el desarrollo de circuitos 
neuroendocrinos implicados en el control metabólico. Como el desarrollo puberal se ve 
también influenciado por la leptina y la función metabólica, nuestra hipótesis fue que 
cambios tempranos en la señal de leptina podría modular los sistemas hipotalámicos 
encargados de la reproducción. En este caso, administramos el antagonista durante un 
período algo más largo que cubriera mejor la oleada de leptina desde su inicio. De 
acuerdo con esto, ratas de ambos sexos fueron tratadas con un potente antagonista de 
leptina pegilado entre los DPN5 al 9 y fueron sacrificadas justo antes de presentar 
señales externas de pubertad (DPN33 para las hembras, DPN43 para los machos,  dado 
que cronológicamente las hembras alcanzan antes que los machos la madurez sexual). 
No se observaron efectos del tratamiento sobre el peso corporal de estos animales, pero 
en los machos tratados se observó un aumento en su ingesta de comida, además su 
tejido adiposo subcutáneo se vio reducido por el tratamiento y los niveles de ARNm 
hipotalámicos para NPY y AgRP también disminuyeron con el tratamiento. Ninguno de 
estos cambios se encontró en las hembras tratadas con el antagonista. En ambos sexos, 
el antagonista aumentó los niveles de ARNm para el receptor de kisspeptina (Gpr54) en 
el hipotálamo rostral (HTr) y medio basal (MBH). La expresión del receptor de leptina 
(Ob-R), de factores tróficos (como son el BDNF, IGF1, IGF1R) y de marcadores gliales 
(GFAP y vimentina) fueron afectados de manera distinta en el hipotálamo de machos y 
hembras peri-puberales. En los machos tratados se observó un incremento en los niveles 
de ARNm para BDNF (en ambas regiones hipotalámicas) y GFAP (en el HTr), mientras 
que las hembras presentaban un incremento en los niveles de ARNm para vimentina e 
IGF1 en el MBH y para IGF1R en HTr. En el tejido adiposo subcutáneo se observó una 
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reducción en los niveles de ARNm para la leptina en ambos sexos debido al tratamiento 
con el antagonista, sin embargo la producción de citokinas por parte de este tipo de 
tejido adiposo solo se vio alterada por el tratamiento en las hembras, las cuales 
presentaban menores niveles de ARNm para IL-10 y TNFα. Es importante señalar que, 
debido a que las hembras y machos usados para este estudio difieren en edad (por la 
razón arriba indicada), las diferencias observadas entre ellos no pueden ser atribuidas 
directamente al factor sexo. 
Los resultados indican que, además de los efectos a largo plazo en el metabolismo, 
cambios en los niveles neonatales de leptina modifican factores involucrados en la 
reproducción lo que podría afectar a la maduración sexual. Los resultados de este 
experimento apoyan aún más el concepto de que un desajuste en la señal postnatal de 
leptina produce efectos a largo plazo en diversos sistemas neuroendocrinos. La 
modificación en animales peripuberales de los niveles de factores de crecimiento, 
proteínas gliales estructurales y neuropéptidos y/o sus receptores por un tratamiento 
neonatal con un potente antagonista de leptina, sugiere una alteración hipotalámica en 
este importante periodo organizacional que muy probablemente tiene un efecto de 
neuroprogramación con diversas consecuencias en la fisiología del animal. Este estudio, 
además de aportar datos novedosos y especialmente interesantes en lo relativo a las 
interacciones leptina-kisspeptina, abre nuevos interrogantes acerca de cómo la 
interferencia con la oleada neonatal de leptina, ya sea por modificaciones ambientales, 
farmacológicas o nutricionales pueden seguir afectando la evolución post-puberal de la 
función reproductora hasta la edad adulta, así como la capacidad del animal de 
responder a desafíos que afecten al control de su homeostasis.
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Leptin is important in the development of neuroendocrine circuits involved in metabolic control.
As both leptin and metabolism influence pubertal development, we hypothesized that early
changes in leptin signaling could also modulate hypothalamic systems involved in reproduction.
We previously demonstrated that a single injection of a leptin antagonist on postnatal day (PND)
9, coincident with the neonatal leptin peak, induced sexually dimorphic modifications in trophic
factors andmarkers of cell turnover andneuronalmaturation in thehypothalamusonPND13.Here
our aim was to investigate if the alterations induced by leptin antagonism persist into puberty.
Accordingly, male and female rats were treated with a pegylated super leptin antagonist from
PND5 to 9 and killed just before the normal appearance of external signs of puberty (PND 33 in
females and PND 43 in males). There was no effect on body weight, but in males food intake
increased, subcutaneous adipose tissue decreased and hypothalamic NPY and AgRP mRNA levels
were reduced, with no effect in females. In both sexes, the antagonist increased hypothalamic
mRNA levels of the kisspeptin receptor, Gpr54. Expression of the leptin receptor, trophic factors
and glial markers were differently affected in the hypothalamus of peri-pubertal males and fe-
males. Leptin production in adipose tissue was decreased in antagonist treated rats of both sexes,
with production of other cytokines being differentially regulated between sexes. In conclusion, in
addition to the long-termeffects onmetabolism, changes inneonatal leptin levelsmodifies factors
involved in reproduction that could possibly affect sexual maturation.
The 16-kDa protein leptin, produced mainly by adi-pocytes, is a pleiotropic hormone involved in many
physiological processes (1–3). Not only is it important in
central regulation of body weight and food intake (4–6),
but leptin also has important developmental effects. In
fact, there is a postnatal leptin surge in rodents, beginning
around postnatal day (PND) 5 in males and peaking be-
tween PND9 and 10 (7), that has been implicated in hy-
pothalamic development by modifying neuronal out-
growth and synaptic connectivity, as well as neurogenesis
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and neuronal and glial survival (8). Numerous studies
have analyzed the importance of leptin in metabolism (9,
10), the immune response (11, 12) and reproduction (13,
14), especially in adulthood, but there are few studies con-
cerning the effects of early changes in leptin levels on peri-
pubertal development.
It has recently become apparent that leptin has impor-
tant effects on the kisspeptin system (15). Kisspeptins are
a family of structurally related peptides encoded by the
KISS1/Kiss1 gene that act throughbindingand subsequent
activation of theGprotein-coupled receptor,GPR54, also
termedKiss1R (16). This system ismainly expressed in the
hypothalamus and is essential in the control of puberty
and reproduction (17). In fact, changes in leptin levels are
known to affect Kiss1/kisspeptin expression in the hypo-
thalamus, suggesting that at least part of leptin’s effects on
the central reproductive axis occur through this neuronal
network, either directly or indirectly (15); however,
whether there are effects of the neonatal leptin surge on
this system remains unclear. In addition, other neuropep-
tide systems are suggested to interact with kisspeptins in
the central control of puberty and reproduction. Among
these, considerable interest has recently focused on the
putative roles of the gonadotropin-inhibitory hormone,
RFRP,whichhasbeenproposed tooppose the stimulatory
effects of kisspeptins in the central control of theHPGaxis
(18). Yet, the effect of leptin, and specifically the neonatal
leptin surge, on thematuration and function of this system
remains completely unexplored. We have previously
shown that disrupting the leptin surge in Wistar rats with
a pegylated leptin antagonist on PND9 results in multiple
changes in hypothalamic levels of trophic factors, neuro-
peptide expression, receptor levels, cell turnover and cell
specific markers up to at least PND13 (19). We hypoth-
esized that this early modification in leptin signaling has
diverse effects onhypothalamicneuronal circuits through-
out postnatal life and could affect the normal physiolog-
ical changes in neuroendocrine events during the peri-pu-
bertal period. Thus, in the present study we analyzed how
blockage of the postnatal leptin surge affects the expres-
sion of neuronal trophic factors, metabolic function, and
hypothalamic expression of anorexic and orexigenic neu-
ropeptides and the kisspeptin system in the peri-pubertal
period.
Materials and Methods
Animals
Adult Wistar rats were purchased from Harlan Interfauna
Ibérica S.A. (Barcelona, Spain) and allowed to acclimate for 2
weeks before mating. One male was placed in a cage with two
females for 10 days. On the day of birth (PND0), litters were
culled to eight pups per dam (4 males and 4 females). No cross-
fosteringwas employed. In all experimental groups at least three
different litters were used to reduce the litter effect, with a total
of 12 rats in each experimental group.
Rats were maintained at a constant temperature (22  1°C)
and humidity (50  2%) in a reversed 12-hour light-dark cycle
(red light on at 08:00 and white light on at 20:00). Pregnant rats
were given free access to rat chow (commercial diet for rodents;
A03, Safe, Augy, France) andwater. As our aimwas to study the
pubertal transition, right before the appearance of external phe-
notypic signs of puberty, and because the timing of puberty dif-
fers between the sexes, females were killed on PND33 andmales
onPND43. In our animal facility the normal age of vaginal open-
ing (VO) is between 32–35days of age. Inmales balanopreputial
separation (BPS) normally occurs between days 42–44. Thus, all
animals were monitored daily to assure that they did not display
these external signs of puberty. This suggests that the control
animals were approaching VO or BPS and that treatment with
the leptin antagonist did not advance this process, at least not
significantly by this external sign. However, when an individual
approaches puberty, one would also expect an increase in go-
nadal size and an increase in the pulsatile secretion of gonado-
tropin and sex steroids. Whether these processes are delayed by
blocking leptin signaling during early development cannot be
determined from this experimental paradigm.
These studies were approved by the local ethics committee
and complied with the Royal Decree 1201/2005 (BOE n° 252)
pertaining to the protection of experimental animals and with
the European Communities Council Directive (86/609/EEC).
Leptin antagonist treatment
From PND5 until PND9 rats were injected sc with 5 mg/kg
bodyweight (bw) of rat pegylated super leptin antagonist (mu-
tant D23L/L39A/D40A/F41A). The material was a gift of Pro-
tein Laboratories (Rehovot, Israel) and was prepared as de-
scribed in Jamroz-Winiewska et al (20). The animals received
one injection per day at 9:00. Control rats were injectedwith the
same volume of distilled water as vehicle (2.5 ml/kg). After each
injection the animals were immediately returned to their
mothers.
Weight, food and pubertal control
All rats were left undisturbed until weaning at PND22 at
which time they were separated into 4 rats of the same sex/cage.
Bodyweight wasmonitored weekly until 5 days before sacrifice.
Food intakewasmeasureduntil 5daysbefore sacrificebyplacing
a known amount of food in each cage and measuring the re-
maining amount at the same time the following week. Puberty
wasmonitored by checking daily forVOor BPS.No animal used
in the study had external phenotypic signs of puberty. The ex-
perimental design is shown in Figure 1. Each experimental group
consisted of 12 rats.
Tissue collection
OnPND33 for females andPND43 formales, ratswere killed
after a 12h fast by rapid decapitation. The brain was rapidly
removed and the hypothalamus (HT), hippocampus (HC) and
pituitarywere dissected. The hypothalamus, defined rostrally by
theoptic chiasmand caudally by the anteriormarginof themam-
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millary bodies, was dissected out with a depth of approximately
2 mm. Each hypothalamic block was immediately divided in the
coronal plane using the optic chiasm as the boundary, as previ-
ously described (21). The anterior dissection (rostral hypothal-
amus; HTr) contains the rostral periventricular area of the third
ventricle (RP3V), while the posterior dissection (medial-basal
hypothalamus; MBH) includes the entire ARC. As a control for
the amount of tissue dissected, hypothalamic tissue blocks were
weighed.No significant differences in hypothalamic tissue block
weight were noted between comparable experimental groups. In
addition, the gonads and subcutaneous (inguinal), visceral (ret-
roperitoneal) and brown adipose tissue were dissected and
weighed. Tissue was then frozen in liquid nitrogen and stored at
–80° until processed.
Estradiol-17 and testosterone ELISAs
Plasma estradiol levels were determined by using an ELISA
from Enzo (Farmingdale, NY, USA). This assay has a sensitivity
of 14.0pg/ml and interand intra-assay coefficients of variationof
8.3% and 2.1%, respectively.
Plasma testosterone levels were determined by using an
ELISA from Cusabio (Wuhan, P.R. China). This assay has a
sensitivity of 0.06 ng/ml and interand intra-assay coefficients of
variation of  15%.
All samples were run in duplicate and within the same assay
for all analyses. For each assay absorbance in each well was
measured by using a Tecan Infinite M200 (Grodig, Austria) and
serum concentrations were calculated from the standard curve.
Corticosterone radioimmunoassay (RIA)
Corticosterone was measured using a solid phase I125 RIA
(ImmunochemDoubleAntibodyCort;MPBiomedicals, Illkirch,
France). Detection limit was 7.7 ng/ml and the interand intra-
assay coefficients of variation were  10%.
Multiplexed magnetic bead immunoassay
Leptin, insulin and interleukin 6 (IL6) were measured in du-
plicate by a multiplexed magnetic bead immunoassay kit (Mil-
lipore Corporation) as previously described (22). Briefly, beads
conjugated to the appropriate antibodies and serum samples (25
l each) were incubated over night at 4°C with shaking. Wells
were washed three times using a wash buffer and antibody con-
jugated to biotin (50 l) was added. After incubation for 30
minutes at room temperature with shaking, beads were incu-
bated during 30 minutes with 50 l streptavidin conjugated to
phycoerythrin. Beads were analyzed in the Bio-Plex suspension
array system 200. Raw data (mean fluorescence intensity) were
analyzed using the Bio-Plex Manager Software 4.1 (Bio-Rad
Laboratories).
Quantitative real-time PCR
Total RNA from 50–100 mg of hypothalamus or hippocam-
pus tissuewas isolatedusingTRIsureReagent (Bioline, London).
High Capacity cDNA Reverse Transcription kits (BioRad Lab-
oratories, Hercules, CA) were used according to the manufac-
turer’s protocol on a iCycler iQ PCR Thermal Cycler (BioRad)
to transcribe 0.5 g total RNA isolated from each tissue.
Aliquots of the resulting cDNA samples were amplified by
PCRwith specific oligonucleotide primer pairs designed to span
intron/exon borders. The sequence of the primer pairs used to
study the Kiss1 system in the hypothalamus were: 1) rat Kiss1,
forward 5 GCT GCT GCT TCT CCT CTG TG 3 and reverse
5GCA TAC CGC GGG CCC TTT T 3; 2) rat Gpr54, forward
5GCCACAGATGTCACTTTCCTTC3 and reverse 5GCC
ACA GAT GTC ACT TTC CTT C 3; 3) rat RFRP, forward 5
AAT CCC TGC ACT CCC TGG CCT 3 and reverse 5AAG
GAC TGG CTG GAG GTT TCC 3; and 4) rat NPFFR1, for-
ward 5AACCGGCACATGCGCACTGTC 3and reverse 5
GACATGCCCTGCACCAAGCCG3. Amplification of S11,
forward 5 CAT TCA GAC GGA GCG TGC TTA C 3 and
reverse 5 TGC ATC TTC ATC TTC GTC AC 3 served as
control for these RT-PCR reactions. Amplification of the cDNA
template was performed using 1x iQ Supermix and SYBR green
for each detected gene (Promega,Wisconsin,USA).According to
manufacturer’s guidelines, the CT method was used for rel-
ativequantification. StatisticswereperformedusingCTvalues.
For the remaining RNA studies a High Capacity cDNA Re-
verse Transcription kit (Applied Biosystems, Foster City, CA)
was used according to the manufacturer’s protocol on a Peltier
thermal Cycler Tetrad2 (BioRad) for RT-PCRwas used to tran-
scribe 2 g total RNA isolated from each individual tissue. Am-
plification of the cDNA template was performed with an ABI
PRISM 7900HT Sequence Detection System (Applied Biosys-
tems) using TaqMan Universal PCR Master Mix (Applied Bio-
systems) and TaqMan Gene Expression AssayMix kits for each
detected gene (Applied Biosystems). The commercial reference
for each predesigned gene expression assay is as follows: In the
hypothalamus we analyzed the metabolic neuropeptides neuro-
peptide Y (NPY, Rn01410145_m1), proopiomelanocortin
(POMC, Rn00595020_m1), Agouti-re-
lated peptide (AgRP;
Rn014311703_g1), cocaine-and am-
phetamine-regulated transcript (CART;
Rn00567382_m1) and orexin
(Rn00565995_m1). To determine if the
sensitivity to leptin was affected, expres-
sion of the leptin receptor (LepR;
Rn01433250_m1) and suppressor of cy-
tokine signaling 3 (SOCS3;
Rn00585674_s1) were analyzed.
As glial cells are involved in pubertal
onset (23–25), and their development
seems to bemodulated by leptin (26, 27),
the glial cell markers vimentin
(RN00579738_m1) and glial fibrillaryFigure 1. Diagram of the experimental design.
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acidic protein (GFAP; Rn00566603), were measured. The
trophic factors brain-derived neurotrophic factor (BDNF,
Rn01484924_m1) and insulin-like growth factor 1 (IGF1,
Rn99999087_m1) and its - receptor (IGF1R,Rn01477918_m1)
were also analyzed in the hypothalamus.
In the pituitary the gonadotropins follicle-stimulating hor-
mone (FSH) (FSH,Rn01484594_m1) and luteinizing hormone
(LH) (LH, Rn00563443_g1) were determined.
We studied whether the production of leptin (Lep,
Rn00565158_m1) or its receptor is altered in subcutaneous
white adipose tissue (WAT). To determine if other cytokines
were affected in WAT the proinflammatory cytokine tumor ne-
crosis factor (TNF)-alpha (TNF-, Rn01525859_g1) and anti-
inflammatory cytokine interleukin-10 (IL10, Rn00563409_m1)
were chosen for analysis. To determine if thermoregulation was
affected mitochondrial uncoupling proteins 1
(Rn00562126_m1) and 2 (Rn00571166_m1) were analyzed in
brown adipose tissue (BAT).
Various housekeeping genes were analyzed in each tissue and
the gene that showed no variation between groupswas chosen to
normalize the data in that tissue. Results were normalized to
GAPDH (Rn99999916_s1) in the hypothalamus, actin
(Rn00667869_m1) in pituitary and 18S (Rn01428915_g1) in
adipose tissue. According to manufacturer’s guidelines, the
CT method was used for relative quantification. Statistics
were performed using CT values.
Data analysis
Datawere analyzedbyusing SPSS forWindows, version15.0.
Normality was checked by Shapiro-Wilks’s test (P .05). Data
were analyzed by Student’s T test. As males and females were of
a different chronological age due to the differential timing of the
pubertal process, data were not directly compared between
sexes.
Results
Body weight gain, accumulated food intake and
fat mass
In males, antagonist treatment had no effect on body
weight gain (Figure 2A), but increased accumulated food
intake (P  .05; Figure 2B) and decreased subcutaneous
WAT (P .05; Figure 2C). The amount of visceral WAT
(Vh0.620.06 g,Antag 0.600.04 g) andBAT inmales
(Vh 0.39  0.03 g, Antag 0.37  0.01 g) was unaffected
by the antagonist treatment. Neonatal leptin antagonist
treatment resulted in an increase inmean testicularweight
(P  .05; Figure 2D).
There was no effect on body weight, food intake or
subcutaneous WAT in peri-pubertal females (Figure 2
E-G). Likewise, agonist treatment had no effect on the
amount of visceralWAT (Vh 0.44 0.02 g, Antag 0.38
0.04 g) or BAT (Vh 0.23 0.02 g, Antag 0.23 0.01 g).
Although ovarian weight tended to increase, this change
was not significant (Figure 2H).
Serum hormone levels
Serum insulin, leptin, IL6, and corticosterone levels
were not modulated by neonatal leptin antagonist treat-
ment in peripubertal males or fe-
males (Table 1).
Leptin antagonist treatment in-
creased serum estradiol levels in fe-
males (P  .05). Testosterone levels
were unaffected in males (Table 1).
Hypothalamic mRNA levels
Genes related to cell turnover
In males the mRNA levels of vi-
mentin, which is expressed in
tanycytes and proliferating and acti-
vated astrocytes, tended to increase
in the HTr (Figure 3A), but this was
not statistically significant due to the
high variability in the data. There
was no effect in the MBH. The
mRNA levels of the astrocytic inter-
mediate filament GFAP increased in
the hypothalamus of male rats (Fig-
ures 3C),with this increase being sig-
nificant in the HTr (P  .05).
Vimentin mRNA levels were in-
creased in the MBH of females (P 
Figure 2. A, Mean body weight (BW), (B) accumulated food intake per rat from the time of
weaning until 5 days before, (C) subcutaneous white adipose tissue (WAT) (D) and testicular
weight at sacrifice in male rats treated with a leptin antagonist (Antag) or vehicle (Vh) from
postnatal day (PND) 5 until PND9 (n  12). E, Mean BW, (F) food intake, (G) WAT and (H)
ovarian weight in female rats treated with a leptin antagonist. Student’s t: * P  .05.
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.03; Figure 3B), with the rise in the HTr not being statis-
tically significant. In females GFAP mRNA levels were
unaffected (Figures 3D).
Neonatal treatmentwith the leptin antagonistmodified
the expression of important hypothalamic trophic factors
during the peri-pubertal period. Inmales themRNA levels
of BDNF (Figure 3E)were higher in theHTr (P .05) and
lower in the MBH (P  .03) of antagonist treated rats
compared to controls. The mRNA levels of IGF1 (Figures
3G) and IGF1R (Figures 3I) were unaffected.
In females BDNF levels were unaffected (Figures 3F).
IGF1 mRNA levels were increased in the MBH (P .02),
while the increase in the HTr did not reach statistical sig-
nificance (Figure 3H). In contrast, mRNA levels of the
IGF1R were increased in the HTr in antagonist treated
females (Figure 3J; P  .01).
Genes related to metabolic control
Regardingneuropeptides involved in food intake, in the
MBH the mRNA levels of NPY (P .02) and AgRP (P
.05) were decreased in males, with no effect on POMC,
CARTor orexin (Table 2). Inmales, the inhibitor of leptin
signaling SOCS3 was unaffected (Vh 100  7.2, Antag
116.720.9%Vh)but therewas ananatomically specific
effect on LepR mRNA levels. LepR mRNA increased in
the HTr (Figure 4A; P  .04) and decreased in the MBH
(Figure 4B; P  .04).
In females, we found no effect on NPY, AgRP, POMC,
CART, orexin (Table 2) or SOCS3 (Vh 100 9.6%, An-
tag 137.5 18.6%Vh)mRNA levels. LepRmRNA levels
increased in the HTr (Figure 4C; P  .002), but were
unaffected in the MBH (Figure 4D).
Puberty related genes
Inmales therewas no significant effect onKiss1mRNA
levels in the HTr orMBH (Table 2). In contrast, neonatal
treatment with the leptin antagonist increased the mRNA
levels of the Kiss1 receptor Gpr54 (Figure 4E, F and I) in
HTr (P  .02), MBH (P  .003) and hippocampus (P 
.04). ThemRNA levels of the inhibitor of the gonadal axis
Rfrp (Figure 4J) and of Npff1r (Figures 4 M and N) were
unaffected.
In females there was no effect on Kiss1 (Table 2) or
Npff1r (Figures 4O and P) mRNA levels. However, the
mRNA levels of the Kiss1 receptor Gpr54 were increased
by the antagonist in the HTr (Figure 4G; P .004), MBH
(Figure 4H; P  .03) and hippocampus (Figure 4K; P 
.03). The mRNA levels of Rfrp were increased by the an-
tagonist in the MBH (Figure 4L; P  .05).
Pituitary gonadotropins
Inmales, pituitarymRNAlevels ofFSH(Vh10029,
Antag 110.9  24.4% Vh) and LH (Vh 100  12.7,
Antag 93.8  19.3% Vh) were unaffected.
In females FSHmRNA levels were increased by leptin
antagonist treatment (Vh 100  10.9, Antag 338.5 
74.3% Vh), with no effect on LH mRNA levels (Vh
100  27.3, Antag 96  16.7% Vh).
Adipose tissue
In peri-pubertal males neonatal treatment with leptin
antagonist reduced the mRNA levels of leptin in subcu-
taneous WAT (Figure 5A; P  .03), but had no effect on
LepR (Figure 5C), IL10 (Figure 5E) or TNF (Figure 5G)
mRNA levels.
In peri-pubertal females, leptin antagonist treatment
reduced themRNA levels of IL10 (Figure 5F.P .02) and
TNF (Figure 5H. P  .05) in subcutaneous WAT of fe-
males rats, with the decreases in Lep (Figure 5B) and LepR
(Figure 5D) not reaching statistical significance.
InBAT therewasno effect on themRNAlevels ofUCP1
in males (Vh 100  11.2, Antag 85.7  13.4% Vh) or
females (Vh 100  19.7, Antag 129.2  11.6% Vh) or
UCP2 in males (100  7.5, Antag 98.3  7.7% Vh) or
females (Vh 100  9.8, Antag 135.7  13.5% Vh).
Discussion
Leptin is a key factor in the development of metabolic
circuits (4), and modification of the neonatal leptin surge
Table 1. Circulating hormone levels
Vh males Antag males Vh females
Antag
females
IL6 (pg/ml) 77.4  13.6 72.3  14.5 103.3  37.5 123.2  38.4
Insulin (pg/ml) 209.5  94.2 488.8  191.3 350.7  131.3 612.3  326.1
Leptin (ng/ml) 1.2  0.2 1.2  0.2 0.9  0.1 0.9  0.1
Corticosterone (ng/
ml)
594.5  59.3 505.2  45.3 677.1  143.2 587.8  45.7
Estradiol-17 (pg/ml) 36.5  12.8 145.2  41.6*
Testosterone (ng/ml) 2.1  0.4 2.3  0.5
Data are expressed as mean  SEM from rats treated with vehicle (Vh) or with leptin antagonist treatment (Antag) from postnatal day (PND) 5 to
PND9. n  8 per experimental group. Student’s t: *P  0.05
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has been shown to have long-term effects on metabolism
(28, 29). Here we show that blockage of the neonatal
leptin surge not only alters metabolic neuropeptide ex-
pression during the peri-pubertal period, but also affects
the expression of elements of the
kisspeptin system and related signals
(namely, RFRP), as well as neu-
rotrophic factors and glial cell mark-
ers in the hypothalamus. Thus, it is
conceivable that neonatal leptin lev-
els could also be involved in the pro-
gramming of reproductive neuronal
circuits and possibly pubertal onset.
Indeed, a rise in circulating leptin lev-
els is thought to be involved in the
advancement of pubertal onset ob-
served in rats with increased prepu-
bertal adiposity (29, 31). However,
in this study we were unable to de-
termine the effect on pubertal onset
as ratswerekilled close to, butbefore
external signals of puberty were de-
tected in order to limit the effect of
increased gonadal steroid secretion.
Moreover, this resulted in males and
females of different ages being used
in these studies, as the temporal de-
velopment of puberty differs be-
tween the sexes, and limiting the di-
rect comparison between sexes.
We have previously shown that
blockage of the leptin peak at PND9
modifies hypothalamic expression
of neurotrophic factors and markers
of cell turnover up to 4 days later in
a sexually dimorphic manner, with
females being more affected than
males (19). Here we show that neu-
rotrophic factor levels continue to be
affected even during the peri-puber-
tal period of both sexes. At PND13
BDNF mRNA levels were increased
in the MBH of females and unaf-
fected in males (21). However, in
males approaching pubertal onset
this neurotrophic factor was in-
creased in the rostral hypothalamus
and decreased in theMBHafter neo-
natal antagonism of leptin signaling,
with no significant effect on IGF1 or
its receptor. In peri-pubertal females
early leptin antagonism increased
the mRNA levels of IGF1 in the
MBHandof the IGF1 receptor in the
Figure 3. Levels in the rostral (HTr) and medial-basal (MBH) hypothalamus of the mRNAs
encoding (A & B) vimentin, (C & D) glial fibrillary acidic protein (GFAP), (E & F) brain derived
neurotrophic factor (BDNF), (G & H) insulin-like growth factor (IGF)1 and (I & J) IGF1 receptor
(IGF1R) in male (left panel) and female (right panel) rats treated with a leptin antagonist (Antag)
or vehicle (Vh) from postnatal day (PND) 5 until PND9 (n  5–6). Student’s t: *P  .05.
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rostral hypothalamus. At PND13 IGF was unaffected in either sex (21). Thus, there appears to be a time-depen-
dent, anatomical and sex specific ef-
fect of neonatal leptin blockage on
these two neurotrophic factors and
this could have an important impact
on puberty associated neurogenesis
(30). Although there was a clear sex-
ually dimorphic effect at PND13
(21), here the differences observed
between peri-pubertal males and fe-
males could be due to the fact that
they were killed at different ages.
One potential caveat that must be
taken into consideration is that the
males and females used in this study
were of different chronological ages
as pubertal onset occurs earlier in fe-
males than in males. Indeed, it is im-
possible to directly compare puberty
and its associated processes between
the sexes. Not only is pubertal onset
sex dependant, but the reproductive
axis, including at the hypothalamic
level, is innately sexually dimorphic.
Thus, even comparisons between
males and females of the same age
must be interpreted with caution.
This does not negate the fact that
blockage of neonatal leptin signaling
affects the expression of important
neurotrophic factors during this crit-
ical period close to pubertal onset in
both sexes. Interestingly, glial cell
markers were also modulated at this
time-point by neonatal leptin block-
age. As glial cells play an important
role in puberty (31) and metabolic
control (32), some of the long-term
neuroendocrine effects due to
changes in neonatal nutrition and
Table 2. Neuropeptide mRNA levels in the medial-basal (MBH) and rostral (HTr) hypothalamus.
Neuropeptide Vh males Antag males
Vh
females
Antag
females
NPY (MBH) 100  5.9 70.5  7.5** 100  20.8 108.4  11.2
AgRP (MBH) 100  13.6 56.9  12.6* 100  14.3 92.7  9.7
POMC (MBH) 100  17.3 73.9  15.9 100  23.1 126.9  13.7
CART (MBH) 100  8.5 71.4  11.6 100  15.6 129.4  16.1
Orexin (MBH) 100  9.6 86.7  18.9 100  20.1 147.8  20.9
Kiss1 (MBH) 100  8.3 112.8  14.6 100  8.7 114.9  7.6
Kiss1 (HTr) 100  8.3 198.9  49.7 100  14.1 110.0  13.7
Data are expressed as mean  SEM from rats treated with vehicle (Vh) or with leptin antagonist treatment (Antag) from postnatal day (PND) 5 to
PND9. Data are normalized to Vh treated rats for each sex. n  5–6 per experimental group. Student’s t: *P  0.05, **P  0.01.
Figure 4. Levels of the mRNAs encoding (A-D) leptin receptor (LepR), (E-I, K) Kiss1 receptor
(Gpr54), (J & L) RFamide-related peptide (Rfrp) and (M-P) neuropeptide FF receptor 1 (Npff1r) in
the rostral (HTr) and medial-basal (MBH) hypothalamus and hippocampus (HC) of male (left
panel) and female (right panel) rats treated with a leptin antagonist (Antag) or vehicle (Vh) from
postnatal day (PND) 5 until PND9 (n  5–12). Student’s t: *P  .05, ***P  .005.
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leptin levels, including the timing of pubertal onset (33),
could be mediated through glial cells. This possibility de-
serves further investigation. Indeed, analysis of the ana-
tomical specificity of the changes in glial cells, as well as
neurotrophic factors, is of great interest and necessary in
order to associate these changes with specific neuroendo-
crine functions.
Modifications in early nutritional status candisrupt the
normal development of central reproductive circuits and
alter pubertal timing (33–37) and the results reported here
suggest that some of these effects are possibly due to
changes in neonatal leptin levels. The Kiss1/Gpr54 system
is essential for stimulatingpubertal onset and reproductive
function (15), while the more recently described Rprp/
Npff1r system may participate in these functions as a go-
nadotropin inhibitor (16). Blockage of the neonatal leptin
surge increased the peri-pubertal levels of Gpr54 mRNA
in both sexes with no detectable effect on Kiss1 mRNA
levels. Leptin can stimulate the Kiss1/GPR54 system in
neuroblasts in vitro (38) suggesting that early leptin ex-
posure could have an organizational effect on the expres-
sion of this receptor, and possibly modulate the respon-
siveness of the system to kisspeptins. Gpr54 was also
found to be increased in the hippocampus of both sexes,
where it is highly expressed in granule cells of the hip-
pocampal dentate gyrus and is correlated with plasticity
and could possibly influence cognition (39). Asmentioned
above, it remains to be determined if blockage of leptin
signaling at PND9 actually affects pubertal timing since
this study was terminated immediately before completion
of pubertal maturation as our objective was to study mo-
lecular events at the time preceding/leading to puberty.
However, although ovarian weight was not significantly
affected, a trend for increasedovarianweightwasdetected
and there was a rise in serum estradiol levels and FSH
mRNA levels in the pituitary of antagonist treated fe-
males, which might be compatible with a possible ad-
vancement in pubertal onset in this sex. This possibility,
however, is yet to be experimentally demonstrated. No
change inLHmRNAlevelswas foundand the-subunit,
which is identical for both gonadotrophins, was not mea-
sured. The -subunit is reported to be produced in excess,
with the expressionofLHandFSHbeingdependenton the
transcription of their specific -subunits (40).
In males, testicular weight was significantly increased
in the antagonist treated rats, although circulating testos-
terone levels or gonadotropinmRNAlevelswerenotmod-
ified. Increased testicular weight could indicate an ad-
vancement of pubertal development even though
testosterone levels are not yet elevated (41). Again, further
studies are necessary to determine howpubertal transition
is affected when leptin signaling is blocked during early
neonatal life.
Pegylated leptin antagonists have been previously
shown to block leptin-induced food intake and weight
Figure 5. Levels of the mRNAs encoding (A & B) leptin (Lep), (C & D)
leptin receptor (LepR), ( E & F) interleukin 10 (IL10), and (G & H) TNF
in subcutaneous white adipose tissue in male (left panel) and female
(right panel) rats treated with a leptin antagonist (Antag) or vehicle
(Vh) from postnatal day (PND) 5 until PND9 (n  5–6). Student’s t:
*P  .05; **P  .01.
8 Neonatal leptin surge, metabolism and reproduction Endocrinology
The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 14 April 2015. at 01:06 For personal use only. No other uses without permission. . All rights reserved.
gainwhen administered to adult femalemice (42). By con-
trast, in nursing pups no effect was found on weight gain
(19), supporting the concept that during this period of
development leptin’s main role is as a neurotrophic factor
and not an anorexic signal (43). Moreover, the timing of
leptin exposure during critical periods of development is
of great importance. For example, while pharmacological
antagonism of leptin during the first 13 days of postnatal
life resulted in a delayed increase in weight gain (44),
blockage of the leptin surge by a single injection of leptin
antagonist on PND9 decreased weight gain, with this also
becoming apparent with advancing age (28). Similar to
previous studies (19, 28, 44) we found no effect of the
super leptin antagonist used here on body weight during
neonatal andprepubertal life.However, therewas a slight,
but significant, increase in accumulated food intake in
males and this was associated with a decrease in white
adipose tissue. As these rats showed no difference in total
body weight, one would suspect an increase in lean body
mass.As leanmass has a higher resting energy expenditure
than fat mass (45), this might also suggest higher energy
expenditure in these animals, which could explain the in-
crease in food intake in leptin antagonist treated males
while maintaining normal weight gain. However, no
changes in UCP1 or UCP2 levels were found in BAT.
The decrease in subcutaneous WAT in males treated
with the leptin antagonist could be due to perturbation of
direct actions of leptin on adipocyte development (46–
49). Adipose distribution and function differs between
males and females and this is partially due to their differ-
ential genetic make-up (50). Moreover, leptin has differ-
ential effects on male and female adipocytes (47); thus, it
might be expected that they differ in response to the block-
age of this hormone’s actions during development, result-
ing in different effects on long-term adipose mass
acquisition.
Neonatal leptin antagonism reduced leptin mRNA lev-
els in subcutaneousWAT in both peri-pubertal males and
females. Early nutritional status has been shown to impact
on adipogenesis and adipokine expression in the adult
animal (51), thus early leptin levels could be involved in
programming of later leptin production. Although leptin
mRNA levels were reduced in subcutaneous WAT, circu-
lating leptin levels were not affected. This could be due to
a change in leptin turnover or in its production byother fat
depots. Unfortunately, we were unable to analyze leptin
production invisceral adiposeof theseanimalsdue to tech-
nical difficulties. Early nutritional status also affects later
inflammatory responses and the propensity to develop
metabolic disease (52).We show that cytokine production
in WAT is affected by neonatal leptin inhibition, as there
was a decrease in IL10 andTNFmRNA levels in females.
Although we found no significant changes in males, there
was a tendency towards an increase in both cytokines.
Together, these results indicate that early metabolic pro-
gramming by neonatal leptin signaling not only involves
affectation of neuroendocrine circuits, but also long-term
effects on adipose tissue function.
Leptin activates thermogenesis and energy expendi-
ture; one potential mechanism for this to occur is through
the UCP system in BAT (53). We found no significant
change on either UCP1 or 2 in BAT, suggesting that the
leptin blockade does not affect BAT thermogenesis, at
least in this time-point.However, as this treatment induces
delayed changes in body weight, while food intake is not
modified (28), it is possible that there is a delayed modi-
fication in resting energy expenditure due to perturbation
of early leptin effects. Of note, mean resting energy ex-
penditure is normally reduced with aging (54–56); thus,
our data are compatible with the possibility that early
developmental events could have an impact on key ageing
processes.
In conclusion, these studies further support the concept
that disruption of early postnatal leptin signaling pro-
duces long-term effects on diverse neuroendocrine sys-
tems. The observation that levels of growth factors, glial
structural proteins, and neuropeptides and/or their recep-
tors are modified by neonatal treatment with a potent
leptin antagonist during the peri-pubertal phase suggests
that this important organizational period in the hypothal-
amus is altered. This indicates that not only puberty may
bemodified, but that the response of the hypothalamus to
the numerous physiological changes that can occur during
adolescence, as well as other environmental challenges, is
modified. This could in turn further exacerbate the long-
term effects induced by early nutritional/leptin modifica-
tion. One should take into consideration that onlymRNA
levels were measured in the hypothalamus and adipose
tissue. A change in static mRNA levels is generally ac-
cepted to indicate a modification in protein production;
suggesting, for example, that the increase inGpr54mRNA
levels reflects an increase in receptor protein levels. How-
ever, the lack of a detectable change in the mRNA level of
a protein does not necessarily mean that protein produc-
tion or processing is unaffected. Indeed, GFAP mRNA
levels were only significantly increased in the HTr of male
rats, but tended to increase in the MBH, as well as in
females and these changes could possibly be detected if
protein levels were measured. It is also possible that the
pattern of release of a hormone or neuropeptide is mod-
ified and this cannot be determined by staticmeasurement
of either mRNA or protein levels. This is especially im-
portant for hormones secreted in a pulsatile manner, such
as FSH and LH where the physiological outcome is mod-
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ified by the hormonal secretory pattern.Moreover, recep-
tor signaling or sensitivity could also be modified. Thus,
the results reported here should be interpreted with these
caveats in mind. Indeed, further studies are necessary in
order to better understand the long-term effects of leptin
signaling during development on the reproductive axis.
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Capítulo 3: La administración de un antagonista de leptina 
durante la oleada fisiológica neonatal induce alteraciones a largo 
plazo en el hipocampo y la corteza cerebral frontal  de ratas 
adolescentes. 
La mayoría de las investigaciones acerca del papel neurotrófico de la leptina en el 
periodo postnatal se han centrado en su función hipotalámica (Bouret et al., 2004, 
Bouret and Simerly, 2004, Pinto et al., 2004, Udagawa et al., 2006a, Udagawa et al., 
2006b). De hecho, el hipotálamo ha sido tradicionalmente estudiado en relación a las 
acciones de la leptina. Sin embargo, el receptor de leptina Ob-R se expresa en otras 
regiones cerebrales de roedores y humanos como son la corteza, amígdala, cerebelo, 
tronco cerebral, sustancia nigra e hipocampo (Couce et al., 1997, Hakansson et al., 
1998, Leshan et al., 2006, Harvey, 2007). Ob-R está presente tanto en el soma como en 
las dendritas proximales de los terminales presinápticos de neuronas hipocampales, así 
como en astrocitos hipocampales (Garcia-Caceres et al., 2012, Pan et al., 2012), y 
existen evidencias que indican un papel neurotrófico y morfotrófico de la leptina en esta 
región cerebral (Shanley et al., 2001, Harvey, 2007, O'Malley et al., 2007, Zhang and 
Chen, 2008, Moult et al., 2009, Pan et al., 2012). O'Malley et al. (2007) mostraron que 
la leptina tenía efectos estructurales en las sinapsis hipocampales, mejorando la 
motilidad y la densidad dendrítica de filopodios, lo cual afectaba a la morfología 
sináptica. Además, la leptina parece incrementar la formación de nuevas neuronas en el 
hipocampo de ratones adultos (Zhao et al., 2008). Garza et al. (2008) comprobaron en 
ratones adultos, que la administración periférica de leptina aumentaba la proliferación 
celular en el giro dentado, y que algunas de esas nuevas células se convertían en 
neuronas integradas funcionalmente en el circuito hipocampal. La corteza expresa altos 
niveles de ARNm para Ob-R durante el desarrollo (Udagawa et al., 2000) y se ha 
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observado que una deficiencia de leptina provoca una reducción en el número de 
neuronas corticales durante la vida embrionaria (Udagawa et al., 2006a). La leptina 
también parece influenciar el crecimiento axonal en el desarrollo de la corteza ya que 
causa un marcado incremento en la expansión del cono de crecimiento axonal en 
cultivos primarios de neuronas corticales. Se ha observado una acción axonotrófica de 
la leptina en neuronas hipotalámicas, donde las rutas de señalización LepR>MAPK y 
LepRb->Akt parecen estar involucradas en dicho crecimiento axonal (Valerio et al., 
2006). Además, la leptina también está implicada en el desarrollo de células no neurales 
en la corteza pudiendo influir sobre el desarrollo de células oligodendrogliales 
(Udagawa et al., 2006b).   
El papel específico de la oleada neonatal de leptina sobre el desarrollo de áreas extra-
hipotalámicas como el hipocampo y la corteza frontal ha sido escasamente investigado. 
Mediante la utilización de un modelo animal de estrés neonatal, SM durante 24h en el 
DPN9, hemos proporcionado evidencias que sugieren que esta oleada neonatal de 
leptina podría contribuir al desarrollo de la formación hipocampal. Como se ha indicado 
anteriormente, la SM disminuye drásticamente los niveles de leptina circulantes durante 
el periodo de separación, el cual coincide con el pico máximo de la oleada de leptina 
(Viveros et al., 2010a). Además, los niveles de leptina circulantes permanecen 
reducidos en el DPN13 (De la Fuente et al., 2009, Viveros et al., 2010b, Llorente et al., 
2011) y esta reducción en los niveles de leptina en el DPN13 de ratas SM coincidió con 
diversas alteraciones en el desarrollo de la formación hipocampal afectando a neuronas 
y células gliales (Llorente et al., 2008, Llorente et al., 2009, Viveros et al., 2009), al 
sistema endocannabinoide (SEC), que es crucial para el desarrollo cerebral (Llorente et 
al., 2008, Suarez et al., 2009, Suarez et al., 2010), y a diversos metabolitos cerebrales 
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evaluados por espectroscopía de resonancia magnética (Llorente et al., 2012), siendo 
muchos de estos cambios sexo-dimórficos. 
Basándonos en los datos anteriores y considerando que la señalización de leptina 
durante este periodo crítico del desarrollo neonatal parece ejercer efectos de 
neuroprogramación sobre los procesos fisiológicos regulados por el hipotálamo (Bouret, 
2013), hipotetizamos que dicho papel de neuroprogramación podría también afectar a 
otras regiones extra-hipotalámicas donde el Ob-R está presente, como son el hipocampo 
y la corteza frontal, y que una interferencia en la señalización de leptina podría inducir 
efectos a largo plazo. Analizamos el hipocampo y la corteza frontal de ratas machos y 
hembras peri-puberales tratados diariamente con un antagonista de leptina (el mismo 
utilizado en el anterior experimento) desde el DPN5 al 9, franja temporal en la que 
transcurre la oleada neonatal de leptina.  
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Diseño experimental 3: Para este experimento fueron criadas ratas de la cepa Wistar de ambos 
sexos. Consideramos el día de nacimiento como día postnatal DPN0. Entre los DPN5-9 a las 
9.00 h se llevó a cabo el tratamiento con el antagonista de leptina (5mg/kg/día sc) o con el 
mismo volumen de inyección (2.5ml/kg) de vehículo (agua destilada). En el DPN22 se procedió 
al destete y se comenzó el control de peso ingesta semanal. En el DPN30 se inició el control de 
pubertad hasta un día antes del sacrificio del animal. En el DPN33 (para las hembras) y 43 (para 
los machos) los animales fueron sacrificados por decapitación tras 12 h de ayuno, se diseccionó 
el cerebro para la extracción del hipocampo y la corteza frontal. El tejido se congeló en 
nitrógeno líquido y se conservó a -80º hasta su procesamiento. El experimento constó de 4 
grupos experimentales (machos controles, machos tratados, hembras controles y hembras 
tratadas) con una n de 12 animales por grupo experimental. 
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Resultados principales y conclusiones parciales 
En este estudio nos propusimos comprender mejor el papel organizacional de la oleada 
neonatal de leptina sobre el desarrollo del hipocampo (HC) y la corteza frontal (CF). 
Para ello, analizamos los efectos a largo plazo de un tratamiento con un antagonista de 
leptina en esas dos áreas cerebrales en los mismos animales usados en el estudio 
anterior (capítulo 2). El tratamiento neonatal con el antagonista de leptina alteró la 
expresión de diversos marcadores celulares (neuronales: NeuN, y gliales: GFAP, 
Vimentina, NG2), de factores neurotróficos (IGF1 y su receptor) y de proteínas de 
plasticidad sináptica (sinaptofisina, NCAM, reelina), incluyendo receptores de 
canabinoides (CB1 y CB2), en ambas regiones cerebrales, así como el ARNm para el 
receptor de kisspeptina en el hipocampo (sólo se midió en esta área). En algunos casos, 
las hembras fueron más afectadas por el tratamiento que los machos ya que en sus CF se 
observó una disminución en los niveles de ARNm para IGF1, IGF1R, Ob-R y CRH con 
el tratamiento del antagonista. Hubo una respuesta diferencial al tratamiento en ambos 
sexos en lo relativo al SEC, ya que las hembras presentaron una disminución en los 
niveles proteicos de CB1 en CF mientras que los machos veían disminuidos los niveles 
de CB2 en ambas regiones cerebrales. Otro sistema que se vio afectado según el sexo 
del individuo y la región analizada, fue el glutamatérgico, de forma que los niveles de 
NR1 estaban reducidos en las CF de los machos tratados y los niveles de GLT1 eran 
menores en los HC de hembras tratadas con respecto a su control. Los niveles de 
marcadores de plasticidad se vieron reducidos por el tratamiento con el antagonista, 
observándose una disminución en los niveles de sinaptofisina en ambas regiones 
cerebrales de los machos mientras que la CF de ambos sexos presentaban niveles 
reducidos de NCAM debidos al tratamiento. Estos resultados apoyan con rotundidad, el 
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concepto de que la leptina ejerce un importante papel organizacional en el correcto 
desarrollo de regiones cerebrales extra-hipotalámicas. Uno de los resultados más 
interesantes de este experimento fue que en ambos sexos, el antagonista aumentó los 
niveles de ARNm para el receptor de kisspeptina (Gpr54) en el hipocampo. Este dato 
resalta la posible importancia del sistema de kisspeptina en el hipocampo y sugiere que 
la leptina neonatal también ejerce un efecto de programación sobre el receptor 
correspondiente. Son necesarios más estudios para evaluar el significado 
funcional/comportamental de esta interesante interacción.  
Es necesario recordar que las hembras y machos usados para este estudio difieren en 
edad, por lo que las diferencias observadas entre ellos no pueden ser atribuidas 
directamente al factor sexo. Esto no niega el hecho de que el bloqueo neonatal de la 
señal de leptina afecta al desarrollo de dos relevantes estructuras cerebrales extra-
hipotalámicas durante un periodo crítico cercano a la entrada en la pubertad tanto en 
machos como en hembras. Son necesarios más estudios para dilucidar los correlatos 
comportamentales de estos cambios cerebrales y su posible persistencia en la edad 
adulta. Los datos obtenidos sugieren también que algunos, pero no todos, los efectos de 
la SM sobre el desarrollo del hipocampo y de la corteza frontal de ratas adolescentes 
(Marco et al., 2013) podrían estar mediados por la deficiencia de leptina de estos 
animales. En la SM se ven implicados varios agentes estresantes como la hipotermia, el 
ayuno y la falta de cuidados maternos durante las 24 h que dura la separación, siendo 
todos estos factores críticos para el neurodesarrollo del individuo. Por ello, los efectos 
de la SM podrían incluir mecanismos más complejos y otros factores, más allá de la 
deficiencia de la leptina. Sin embargo, ambos modelos, SM a DPN9 (con deficiencia de 
leptina) y la administración de una antagonista de leptina durante el periodo crítico de la 
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oleada neonatal de leptina parecen ser válidos y complementarios para alcanzar una 
mejor comprensión de las acciones neurotróficas de la leptina sobre áreas extra-
hipotalámicas. 
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Abstract   
We have recently reported that administration of a pegylated super leptin antagonist 
from postnatal (PND) 5 to 9, coincident with the neonatal leptin surge, affects the 
hypothalamic gene expression of growth factors, glial proteins and neuropeptides 
involved in the control of metabolism and reproduction in peri-pubertal male and female 
rats. Here we set out to better understand the organizational role of the neonatal leptin 
surge on the development of the hippocampus and frontal cortex. To this aim, we 
analyzed the long-term effects of the leptin antagonist treatment on these two brain 
areas in the same animals used in our previous study. In both brain regions the 
expression of diverse neuronal and glial markers and synaptic plasticity proteins 
including cannabinoid receptors were affected. These results support the concept that 
leptin exerts an important organizational role in the appropriate development of extra-
hypothalamic brain areas. The data obtained also suggest that some, but not all, of the 
previously reported effects of maternal deprivation, which markedly reduces leptin 
levels at PND 9-10 whenthe peak of the neonatal leptin surge occurs, on hippocampal 
and frontal cortex development might be mediated by the leptin deficiency in these 
animals. 
 
Keywords: Neonatal leptin signaling, glial cells, cannabinoid receptors, glutamate 
receptors, synaptic plasticity  
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Introduction  
Leptin, an adipokine produced mainly by adipocytes, is a pleiotropic hormone 
involved in many physiological processes such as food intake and energy balance, 
immune system functions, reproduction, reward, stress and neurodevelopment [1-3]. 
Regarding this latter role, there is a postnatal leptin surge in rodents, beginning around 
postnatal day (PND) 5 in males and peaking between PND9 and 10 [4], that has been 
implicated in hypothalamic development by modifying neuronal outgrowth and synaptic 
connectivity, as well as neurogenesis and neuronal and glial survival [5]. The timing 
and magnitude of this surge appears to be important for normal metabolic control and 
weight gain in the adult animal [6-10]. 
Most studies on the neurotrophic role of leptin during its neonatal peak have 
been focused on the hypothalamus [5, 11-17]. In fact, this brain structure has 
traditionally been the focus of studies related to central leptin actions. However, leptin 
receptor (LepR) mRNA and protein are also highly expressed in many other brain 
regions including the cortex, amygdala, cerebellum, brain stem, substantia nigra, 
hippocampal CA1, CA3 areas and dentate gyrus (DG) in rodents and humans [18-24]. 
Leptin receptors are present on the soma and proximal dendrites at presynaptic 
terminals of hippocampal neurons, as well as on hippocampal astrocytes [25-27], and 
there is good evidence indicating a neurothropic and morphothropic role of leptin in this 
brain region [23, 24, 28-32]. O'Malley et al. [33] showed that leptin induced structural 
changes in synapses in the hippocampus, enhancing the motility and density of dendritic 
filopodia, thus affecting synapse morphology. Furthermore, leptin appears to increase 
the formation of new neurons in the hippocampus of mature mice [34]. Garza et al. [15] 
showed that in adult mice peripheral administration of leptin increased cell proliferation 
in the DG, and that many of these newborn cells become neurons that functionally 
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integrate into the hippocampal circuitry. The cortex expresses high levels of LepR 
mRNA during development [35, 36] and leptin deficiency reduces the number of 
cortical neurons born during embryonic life [14]. Leptin also appears to influence 
axonal growth in the developing cortex since it causes a marked increase in expansion 
of the axonal growth cone of primary cultures of embryonic cortical neurons. Similar to 
the axonotrophic action of leptin on hypothalamic neurons, activation of the MAPK and 
Akt signaling pathways in response to LepRb activation appear to be the main pathways 
involved in the induction of cortical axon outgrowth [37]. Leptin is also involved in the 
development of non-neuronal cells in the cortex and may influence the development of 
oligodendroglial cells [13].  
In spite of the findings described above, the specific role of the neonatal leptin 
surge on the development of extra-hypothalamic areas such as hippocampus and frontal 
cortex have only recently received special attention. By using an animal model of early 
life stress, maternal deprivation (MD) we provided evidence suggesting that this 
neonatal leptin surge could affect hippocampal formation. Indeed, removal of rat pups 
from their mothers for 24 h beginning on PND9 drastically reduces circulating leptin 
levels during the separation, which is coincident with the physiological peak of leptin 
surge [16]. Moreover, circulating leptin levels remain significantly reduced at PND 13 
and in adulthood [16, 38-40]. The reduced leptin levels of 13-day old MD rats were 
coincident with alterations in the developing hippocampal formation that affected 
neurons and glial cells [39, 41, 42], the endocannabinoid system, which has a crucial 
role in brain development [42-44], and diverse brain metabolites evaluated by magnetic 
resonance spectroscopy [45], with many of these changes being sexually dimorphic.  
On the basis of the above data and considering that leptin signaling during the 
critical neonatal leptin surge appears to exert neuroprogramming effects on 
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physiological processes regulated by the hypothalamus [5], we hypothesize that this 
neuroprogramming role could also affect other extra-hypothalamic regions where leptin 
receptors are present, such as the hippocampus and the frontal cortex, and that 
interference with this signaling could induce long-term effects. In the present study we 
have used a pharmacological approach to further address the programming effect of the 
neonatal leptin surge on hippocampal and frontal cortex development. To this aim, we 
analyzed the hippocampi and frontal cortex of peripubertal male and female rats that 
received daily injections of a rat pegylated super leptin antagonist from PND5 until 
PND9, the time period of the neonatal leptin surge.  
 
Materials and Methods 
Animals 
Adult Wistar rats were purchased from Harlan Interfauna Ibérica S.A. 
(Barcelona, Spain) and allowed to acclimate for 2 weeks before mating. One male was 
placed in a cage with two females for 10 days. On the day of birth (PND0), litters were 
culled to eight pups per dam (four males and four females). No cross-fostering was 
employed. Thus, only litters with at least 4 pups of each sex at birth were used. In all 
experimental groups at least three different litters were used to reduce the litter effect, 
with a total of 12 rats in each experimental group. Rats were maintained at a constant 
temperature (22 ± 1 °C) and humidity (50 ± 2%) in a reversed 12-h light-dark cycle (red 
light on at 08:00 and white light on at 20:00). Pregnant rats were given free access to rat 
chow (commercial diet for rodents; A03, Safe, Augy, France) and water. The animals 
used in this study were the same as those used in a recently published paper focused on 
the effects on the same leptin antagonist treatment on hypothalamic systems related to 
reproduction [46]. As our aim in that study was to investigate the pubertal transition, 
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right before the appearance of external phenotypic signs of puberty, and because the 
timing of puberty differs between the sexes, females were euthanized on PND33 and 
males on PND43. These studies were approved by the local ethics committee and 
complied with the Royal Decree 1201/2005 (BOEn° 252) pertaining to the protection of 
experimental animals and with the European Communities Council Directive 
(86/609/EEC). 
 
Leptin antagonist treatment 
From PND5 until PND9 rats were injected sc with 5 mg/kg bodyweight (bw) of 
rat pegylated super leptin antagonist (mutant D23L/L39A/D40A/F41A), a gift of 
Protein Laboratories (Rehovot, Israel) and was prepared as described in Jamroz-
Wiśniewska et al. [47]. The animals received one injection per day at 9:00. Control rats 
were injected with the same volume of distilled water as vehicle (2.5 ml/kg). After each 
injection the animals were immediately returned to their mothers. Each experimental 
group consisted of 12 rats (Fig. 1). 
 
Tissue collection 
On PND33 for females and PND43 for males, rats were sacrificed by rapid 
decapitation after a 12h fast . The brain was rapidly removed and the hippocampus and 
frontal cortex were dissected, frozen in liquid nitrogen and stored at −80° until 
processed. 
 
Western Blotting 
Tissue was homogenized on ice in 300 μl of radioimmunoprecipitation assay 
lysis buffer (RIPA) with an EDTA-free protease inhibitor cocktail (Roche Diagnostics). 
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In the case of the hippocampus, to avoid regional variability, the left side of the hippocampus 
was used in half of the animals and the right side in the other half in each experimental group. 
After homogenization, samples were left overnight at -80ºC. The following day they 
were centrifuged at 14,000 rpm for 20 min at 4ºC. Supernatants were transferred to a 
new tube and the protein concentration was estimated by Bradford protein assay. 
In each assay the same amount of protein was loaded in all wells (20-40 μg) 
depending on the protein to be detected and resolved by using 8-12% SDS-acrylamide 
gels. After electrophoresis proteins were transferred to polyvinylidine difluoride 
(PVDF) membranes (Bio-Rad, Hercules, CA, USA) and transfer efficiency was 
determined by Ponceau red dyeing. Membranes were then blocked with Tris-buffered 
saline (TBS) containing 5% (w/v) non-fat dried milk and incubated with the appropriate 
primary antibody at a concentration of 1:1000. The antibodies employed included anti–
GLT-1 (Affinity BioReagents), anti-reelin (Calbiochem © Merck KGaA), anti-NR1 
(Upstate © EMD Millipore Corporation and anti-glial fibrillary acidic protein (GFAP; 
Cell Signaling Technology, Inc.). Anti-NeuN and anti-NCAM were both from© EMD 
Millipore Corporation. Anti-NG2, anti-CB1, anti-CB2, anti-synaptophysin, anti-
adenomatous polyposis coli (APC) and anti-vimentin were from Sigma-Aldrich 
Quimica, S.L (St. Louis, MO, USA). Membranes were subsequently washed and 
incubated with the corresponding secondary antibody conjugated with peroxidase 
(1:2000; Pierce, Rockford, IL, USA). Bound peroxidase activity was visualized by 
chemiluminescence and quantified by densitometry using a Kodak Gel Logic 1500 
Image Analysis System and Molecular Imaging Software, version 4.0 (Rochester, NY, 
USA, USA). All blots were rehybridized with anti-actin (Thermo Fisher, Runcorn, UK) 
to normalize each sample for gel loading variability. All data are normalized to control 
values on each gel. 
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Data analysis 
Statistical analyses were performed by SPSS for Windows, release 15.0. 
Normality was checked by Shapiro-Wilks’s test (p>0.05). The criterion of normally 
distributed data were not always met in some populations under study and, so, when 
necessary, data were transformed by the Neperian logarithm function, aiming to satisfy 
the assumption of normality. Data were analyzed by Student’s t test. As males and 
females were of a different chronological age due to the differential timing of puberty 
onset, data were not directly compared between sexes. 
 
Results  
Cell population markers  
The leptin antagonist significantly decreased APC (p<0.01) and NG2 (p<0.05) 
levels in the hippocampus of female rats and vimentin (p<0.05) levels in the 
hippocampus of male rats (Table 1). No effects were found on other cell population 
markers (NeuN and GFAP). In these animals, the pharmacological treatment decreased 
vimentin levels in frontal cortex (p<0.01); Table 2), whereas no significant changes 
were found in the other cell population markers [only a trend towards decreased NG2 
levels in females (p=0.059)]. 
 
Endocannabinoid system 
There was a significant effect of the leptin antagonist on CB1 expression in the frontal 
cortex (p<0.05) of females (Fig.2 B), with the antagonist reducing the expression of this 
receptor. In contrast, in males (Fig.2 C) treatment with the antagonist decreased CB2 
levels in both areas (hippocampus: p<0.005, frontal cortex: p<0.005). 
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Markers of cell plasticity 
The leptin antagonist decreased synaptophysin levels in male (Fig.3 A) 
hippocampus (p<0.01) and frontal cortex (p<0.05). No effect was seen in females (Fig.3 
B). 
In females (Fig.3 D), reelin levels in the frontal cortex were reduced by 
antagonist treatment (p<0.005), with no effect in the hippocampus. No effect on reelin 
was seen in males in either area (Fig.3 C).  
In both sexes NCAM (140kDa) levels were unaffected in the hippocampus. In 
contrast, antagonist treated females (p<0.05) and males (p<0.005) had lower levels of 
NCAM in the frontal cortex (Fig.3 E&F). 
 
Glutamatergic system 
Neonatal leptin antagonist administration had a significant long term-effect on 
the glutamatergic system, decreasing NR1 expression in the frontal cortex of males 
(p<0.01; Fig.4 A). No effect was seen in females (Fig.4 B) or in the hippocampus of 
either sex. In females GLT1 expression in the hippocampus was decreased by 
antagonist treatment (p<0.05; Fig.4 D). No effect was seen in males or in the frontal 
cortex of either sex (Fig.4 C&D). 
 
Discussion 
The neonatal leptin surge, peaking at PND 9-10, not only participates in the 
development of metabolic circuits involved in appetite regulation [6, 11], but it also 
appears to play a role in the normal development of extra-hypothalamic regions of the 
brain [48]. However, this latter aspect has been less well studied. Here we show that 
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disruption of leptin signaling during the time period of the normal neonatal leptin surge 
has delayed consequences affecting the peri-pubertal period in the hippocampus and in 
the frontal cortex. In both brain areas the expression of diverse neuronal and glial 
markers and proteins involved in synaptic plasticity, including cannabinoid receptors, 
were affected.  
Leptin receptor is expressed not only in neurons, but also in astrocytes [26]. 
These glial cells are necessary for normal brain development since they contribute to the 
modulation of proliferation, survival and metabolism of neurons, as well as of 
synaptogenesis and synaptic transmission [49, 50]. Leptin also plays an important role 
in glial development [13, 14, 51] and there was a trend towards increased GFAP 
expression in the hippocampus of male animals treated with the leptin antagonist. We 
have previously shown that GFAP levels in the hippocampus of MD male rats are 
increased during both adolescence and adulthood [42, 52, 53]. As MD induces a drastic 
decrease in neonatal leptin levels [16] this could therefore possibly underlie the changes 
in GFAP levels. In addition, in males hippocampus and frontal cortex levels of 
vimentin, a marker of immature and reactive astrocytes [54, 55], were significantly 
decreased by blockage of early postnatal leptin signaling, with no effect in females in 
either area. These changes could be indicative of an alteration of glial maturation in the 
hippocampus and frontal cortex of male animals.  
Proteins expressed in oligodendrocyte precursors (NG2) and mature 
oligodendrocytes (APC) were significantly decreased in the hippocampus of peri-
pubertal females that had been treated with the antagonist. We have previously reported 
that adolescent male and female MD rats have a decrease in hippocampal NG2 levels 
with no changes in the frontal cortex or in the levels of mature oligodendrocytes [53]. 
An increase in the rate of cell death, mostly of oligodendrocytes in white matter tracts, 
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was observed following a similar protocol of early life stress, MD at PND 11 [56]. 
Thus, oligodendrocytes seem to be sensitive to the organizational effect of stress with 
neonatal leptin possibly mediating some of these changes. However, additional research 
is still needed to investigate the consequences of early life stress on the temporal and 
regional maturation of oligodendrocytes, as well as in myelination processes. 
The relationship between leptin and the endocannabinoid system has been 
mainly analyzed in the context of energy homeostasis and in the hypothalamus [57]. 
Less is known regarding cannabinoid-leptin interactions in extra-hypothalamic areas 
which, given the pleiotropic nature of these systems, might be involved in distinct 
functions beyond energy homeostasis. The present results show that neonatal 
administration of the leptin antagonist significantly decreased the expression of CB1 in 
the frontal cortex of females and that CB2 receptor levels were significantly decreased 
in the hippocampus and frontal cortex of peri-pubertal males. In a previous study we 
demonstrated that of CB1 receptor expression was decreased in the hippocampus and 
frontal cortex of adolescent MD rats. However, their CB2 receptor levels were increased 
[53]. Moreover, these changes in CB1 and CB2 receptor can be seen in the 
hippocampus of MD (leptin deficient) animals as early as PND 13 [39]. What is clear 
from these models is that interference with the neonatal leptin surge and, hence, with 
neonatal leptin signaling affects the development of the endocannabinoid system, 
indicating an interaction between the two systems during this early developmental 
period. 
The present results also revealed significantly decreased synaptophysin levels in 
both the hippocampus and the frontal cortex of antagonist treated male rats. We have 
also shown that adolescent MD rats have decreased synaptophysin levels in the frontal 
cortex [53]. A possible relationship between leptin and proteins involved in synaptic 
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plasticity and dendritic morphology has been proposed elsewhere [33, 58, 59]. The 
rapid increase in the density of hippocampal synapses and in the proteins involved in 
this process was shown to be dependent on MAPK signaling pathway in neurons, which 
is in turn modulated by leptin (need a reference). It is possible that blocking the normal 
binding of leptin to its receptor and in turn its activation, can decrease MAPK activity, 
which could decrease the levels of proteins involved in synaptic plasticity, such as 
synaptophysin. The high levels of leptin during infancy are proposed to be involved in 
hippocampal excitability and in the production of synaptic proteins participating in 
synaptogenesis [29, 51]. In fact, Walker et al. [60] found that chronic neonatal leptin 
treatment induces the expression of specific synaptic proteins such as synaptophysin 
and synapsin 2A, which are presynaptic proteins associated with neurotransmitter 
release and synapses formation. The present results support the hypothesis that the 
neonatal leptin surge has a programming effect on the establishment of synaptic 
organization.  
Reelin is involved in brain development; moreover, an absence or decrease in 
reelin levels is related with neurodegenerative diseases such as Alzheimer’s disease 
[61]. Reelin levels in the frontal cortex of females exposed to the leptin antagonist 
during the neonatal leptin surge period were decreased, suggesting that disrupting leptin 
signaling in early stages of life could alter cortical lamination. Reduced levels of reelin 
have been related with an anxiety-like profile, cognitive deficit and other behavioral 
traits [61]. Another plasticity marker affected by the neonatal leptin antagonist treatment 
was NCAM, with both males and females showing significantly lower levels in their 
frontal cortex. In previous studies on the effects of MD, we found that MD adolescent 
rats of both sexes had decreased NCAM levels in the hippocampus, but not frontal 
cortex. Moreover, MD significantly impairs recognition memory in females [53] and 
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Valladolid-Acebes et al. [62] found an increase in NCAM expression in hippocampal 
CA1 pyramidal neurons of rats fed a high fat diet and this was related with spatial 
memory impairment due to high leptin levels. Taken together these results indicate that 
either a defect or an excess of leptin levels, especially in critical developmental ages, 
might impair synaptic plasticity and mnemonic function in the long-term. We are 
currently investigating whether the present leptin antagonist treatment alters cognitive 
function. 
There are clear relationships between the glutamatergic system and leptin. The 
leptin deficient mouse model (ob/ob) presents impaired LTP in the hippocampus [63] 
and acute leptin treatment can enhance NMDA receptor function [29]. Walker et al. [60] 
found an increase in levels of NR1, a subunit of NMDA receptor, in the hippocampus of 
rats treated with leptin during the perinatal period. Here we show that neonatal 
administration of the leptin antagonist induced a long-term decrease in NR1 expression 
in the frontal cortex of treated males with no effect in the hippocampus. No differences 
were found for this parameter in females. The glutamate transporter GLT1 is expressed 
in astrocytes and is responsible for the bulk of glutamate uptake [64]. Expression of 
GLT1 decreased in the hippocampus of females treated with the leptin antagonist. The 
glutamatergic system participates in various neurodevelopmental processes through 
complex regulatory events involving the activation of glutamate receptors to modulate 
cognitive functions such as memory and learning in different areas such as 
hippocampus and frontal cortex [65, 66]. Our results indicate that disruption of leptin 
signaling during the critical neonatal period might affect brain development by altering 
glutamatergic transmission. Although it is unclear how leptin modulates the 
glutamatergic system, there is evidence indicating that leptin modulates LTP in the 
hippocampus through the ERK1/MAPK pathway [29, 60, 63]. The present data suggest 
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that disrupting neonatal leptin signaling might down regulate glutamatergic receptors 
and impair glutamatergic transmission and that these effects are region-dependent.  
In summary, the observation that the levels of proteins involved in 
synaptogenesis and plasticity are modified during the pre-pubertal period in rats treated 
postnatally with a leptin antagonist suggests that this important organizational period in 
the hippocampus and frontal cortex is altered. These results support the concept that 
leptin exerts an important organizational role in the appropriate development of extra-
hypothalamic areas such as the hippocampus and frontal cortex. It is worth re-
emphasizing that, due to the reason indicated in the method section, the males and 
females used in this study were of different chronological ages and that the differences 
observed between males and female here cannot be directly attributed to their sex. This 
does not negate the fact that blockage of neonatal leptin signaling affects the expression 
of diverse proteins in two relevant extra-hypothalamic brain structures during this 
critical period close to pubertal onset in both males and females. Further studies are 
needed in order to elucidate the behavioral correlates of these brain changes and their 
possible persistence into adulthood. The data obtained also suggests that some, but not 
all, of the previously reported effects of MD on hippocampal and frontal cortex 
development [53] might be mediated by the leptin deficiency in these animals. MD 
involves various stressors such as hypothermia, fasting and lack of maternal care during 
the 24 hours of maternal separation, all factors that can critically influence 
neurodevelopment. Thus, the effects of MD might include more complex mechanisms 
and other factors, above and beyond leptin deficiency. However, both models, MD at 
PND 9 (leptin deficiency) and the leptin antagonist administration during the critical 
period of the neonatal leptin surge, appear to be valid and complementary approaches to 
better understand the neurotrophic actions of leptin in extra-hypothalamic areas. 
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Table 1: Protein levels in hippocampus measured by Western blotting  
Protein              Vh males         Antag males        Vh females        Antag females 
Vimentin           100±22.9           47.7±8.9*           100±16.3              104.9±13.5 
GFAP                100±8.6            125.2±9.2            100±10.1              102.6±18.2 
NeuN                100±6.8             83.0±11.8           100±9.3                 99.6±13.0 
NG2                   100±3.7             97.2±2.6             100±4.2                 76.9±5.6* 
APC                   100±7.0             98.2±9.5             100±4.5                 62.9±11.8** 
Data are expressed as percentage of mean± SEM refered to vehicle group from vehicle (Vh) or 
animals with leptin antagonist treatment (Antag) from postnatal day(PND) 5 to PND 9.n= 5-8 per 
experimental group. Measurements were peformed at PND 43 in males and at PND 33 in females. 
Student’s t-test *p<0.05;  ** p<0.01 versus corresponding sex-matched control group 
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Table 2: Protein levels in frontal cortex measured by Western blotting  
Protein              Vh males         Antag males        Vh females        Antag females 
Vimentin           100±26.4            15.8±4.4**         100±50.5               66.5±29.8 
GFAP                100±3.5              96.6±6.3             100±10.1              110.4±4.8 
NeuN                100±2.9             110.4±6.1            100±5.5                  96.1±8.4 
NG2                   100±7.6              95.9±12.6           100±9.5                 60.8±16.4 
APC                   100±10.5           96.8±14.8            100±25.5               93.3±21.3 
Data are expressed as percentage of mean± SEM refered to vehicle group from vehicle (Vh) or animals 
with leptin antagonist treatment (Antag) from postnatal day(PND) 5 to PND 9.n= 5-8 per experimental 
group. Measurements were peformed at PND 43 in males and at PND 33 in females Student’s t-test  ** 
p<0.01 versus corresponding sex-matched control group  
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Figure legends 
Fig.1. Experimental design 
Fig.2. Mean hippocampal (HC) and frontal cortex (FC) protein levels of CB1 (A&B) 
and CB2 (C&D) in peripubertal male (PND43, left panel) and female (PND33, right 
panel) rats treated with a leptin antagonist (Antag) or vehicle (Vh) from postnatal day 
(PND) 5 until PND 9 (n=5-8). Student’s t-test: *p<0.05, ***p<0.005. 
Fig.3. Mean hippocampal (HC) and frontal cortex (FC) protein levels of synaptophysin 
(A&B), reelin (C&D) and NCAM (E&F) in peripubertal male (PND43, left panel) and 
female (PND33, right panel) rats treated with a leptin antagonist (Antag) or vehicle (Vh) 
from postnatal day (PND) 5 until PND 9 (n=5-8). Student’s t-test: *p<0.05, **p<0.01, 
***p<0.005. 
Fig.4. Mean hippocampal (HC) and frontal cortex (FC) protein levels of NR1 (A&B) 
and GLT1 (C&D) in peripubertal male (PND43, left panel) and female (PND33, right 
panel) rats treated with a leptin antagonist (Antag) or vehicle (Vh) from postnatal day 
(PND) 5 until PND 9 (n=5-8). Student’s t-test: *p<0.05, **p<0.01. 
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Capítulo 4: Efectos de la interacción entre el protocolo de 
separación materna y los niveles neonatales de leptina sobre el 
metabolismo, desarrollo puberal y comportamiento sexual en 
ratas adultas. 
En los capítulos 4 y 5 de esta Tesis Doctoral, adoptamos una estrategia complementaria 
a la empleada en los tres anteriores. A saber, el uso de un tratamiento con leptina en 
animales separados de la madre (SM).  
En base a los datos obtenidos por nuestro grupo en los últimos años, hemos propuesto 
que la SM es un modelo animal de trastornos psiconeuroinmunoendocrinos. En esos 
estudios observamos que este protocolo de estrés induce efectos a largo plazo sobre los 
sistemas endocrino (incluidos los niveles de hormonas gonadales), inmune, 
endocannabinoide y glutamatérgico, así como modificaciones comportamentales, siendo 
muchos de estos efectos sexo-dimórficos. Además, la SM induce alteraciones 
importantes en marcadores gliales y neuronales, así como en factores neurotróficos en 
distintas regiones cerebrales (Marco et al., 2015), lo que sugiere posibles 
modificaciones estructurales. En este capítulo nos centramos en el hipotálamo por lo 
que comenzaremos por indicar que el desarrollo de esta estructura en roedores no se 
completa hasta después de la adolescencia por lo que eventos estresantes tempranos 
podrían alterar su desarrollo (Loi et al., 2014), lo que a su vez podría inducir efectos a 
largo plazo sobre las funciones de esta región cerebral. El objetivo de este experimento 
ha sido analizar qué efectos neuroendocrinos a largo plazo de la SM podrían ser 
atenuados o revertidos mediante un tratamiento de reemplazamiento con leptina. Para 
este fin, ratas SM y controles recibieron un tratamiento diario de leptina o su vehículo, 
entre los DPN9 y 13. A lo largo del experimento se llevó a cabo un control semanal del 
peso e ingesta del animal, además de realizar una prueba de tolerancia a glucosa y una 
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prueba de comportamiento sexual en los machos. Los animales fueron sacrificados en el 
DPN90 y se estudiaron diversos parámetros en los hipotálamos.  
 
 
 
Diseño experimental 6: Para este experimento fueron criadas ratas de la cepa Wistar de ambos 
sexos. Consideramos el día de nacimiento como DPN0. En el DPN9 a las 9.00 h se separó la 
madre (de la mitad de las camadas totales) durante 24 h de sus crías, estableciéndose los grupos 
control (Co) y separados (SM). En DPN9 comienza el tratamiento diario (9.00 h) con leptina 
(Lept; 3mg/kg) o vehículo (Vh) a igual volumen de inyección (2.5ml/kg) y finaliza el DPN13 
estableciéndose los grupos experimentales definitivos (CoVh, CoLept, SMVh, SMLept) en 
ambos sexos. En el DPN30 comienza el control de la entrada en  pubertad. En el DPN36 se 
realizó una extracción de sangre de la cola. En DPN60 se llevó a cabo una prueba de tolerancia 
a glucosa. En DPN 84 se realizó el test de comportamiento sexual solo en machos. En el DPN90 
los animales fueron sacrificados por decapitación tras 12 h de ayuno, se recogió sangre del 
tronco y se diseccionó el cerebro para la extracción del hipotálamo. El tejido se congeló en 
nitrógeno líquido y se conservó a -80º hasta su procesamiento. El experimento constó de 8 
grupos experimentales (machos CoVh, machos CoLept, machos SMVh, machos SMLeptin, 
hembras CoVh, hembras CoLept, hembras SMVh, hembras SMLept) con una n de 12 animales 
por grupo experimental. 
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Resultados principales y conclusiones parciales 
La SM redujo el peso de los animales macho y al tratar con leptina en la edad neonatal a 
los machos SM la reducción en peso fue mucho más acusada e iba acompañada de una 
reducción en la ingesta de comida. No se observaron efectos de los tratamientos sobre 
estos parámetros en las hembras. Además, los machos SM mostraron incrementados los 
niveles de insulina circulantes al compararlos con su grupo control y el tratamiento 
neonatal con leptina en estos animales logró contrarrestar dicho efecto. A su vez, el 
tratamiento con leptina, incrementó los niveles de insulina en los machos controles y, en 
los machos SM aumentó los niveles de testosterona. En las hembras, la SM disminuyó 
los niveles de estradiol y el tratamiento con leptina revirtió este efecto. 
En los machos encontramos que, tanto la SM como el tratamiento de leptina, por 
separado, provocaron un adelanto en la aparición de signos externos de pubertad, 
mientras que con la combinación de ambos tratamientos se observó que la pubertad se 
alcanzaba en la misma franja de edad que en los animales controles sin tratamiento con 
leptina. En las hembras la SM no tuvo efecto en la entrada en pubertad mientras que el 
tratamiento con leptina retrasó dicha entrada. 
En ambos sexos, la SM alteró la respuesta a la glucosa en la prueba de tolerancia, ya 
que el retorno a los niveles basales de glucosa durante la prueba fue más rápido tanto en 
machos como hembras SM. No se observaron efectos debidos al tratamiento con leptina 
en este parámetro.   
Tanto el tratamiento con leptina como la SM modificaron el comportamiento sexual de 
los machos adultos. Por separado, ambos protocolos estimulan el comportamiento 
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sexual mientras que en el grupo SM con tratamiento de leptina se da el efecto contrario. 
El único efecto de la SM per se sobre el comportamiento sexual de estos machos fue 
una disminución en el intervalo inter-copulatorio de los animales que no llegaron a la 
eyaculación en el transcurso de la prueba (pseudoICI) que podría interpretarse como un 
aumento en el deseo sexual y la motivación. El tratamiento neonatal con leptina parece 
incrementar el rendimiento sexual ya que disminuye la latencia eyaculatoria y el ratio 
monta/intromisión en los machos control además de representar el grupo experimental 
con mayor porcentaje de animales que consiguen llegar a la eyaculación. Sin embargo, 
los machos SM tratados con leptina presentaron la misma frecuencia y latencia 
eyaculatoria que el grupo control, además de niveles similares en el ratio 
monta/intromisión.  
En el estudio de neuropéptidos hipotalámicos, observamos que la SM incrementó los 
niveles de NPY en los machos y tanto la SM como el tratamiento con leptina y la 
combinación de ambos protocolos actúan del mismo modo sobre los niveles de ARNm 
para POMC y Orexina, incrementando sus niveles sólo en los machos. Por otro lado, el 
tratamiento con leptina incrementó los niveles de ARNm para CART en los machos, 
para Orexina en las hembras y para el receptor de leptina en ambos sexos. La SM 
revirtió los efectos del tratamiento con leptina sobre CART en los machos y Orexina en 
las hembras, de forma que el grupo SM Lept mostró niveles similares a los de los 
controles.  
En conjunto, los datos de este experimento indican que tanto la SM como el tratamiento 
de leptina ejercen efectos sexo-dimórficos a largo plazo sobre parámetros metabólicos y 
reproductores, encontrándose interacción entre ambos factores en varios de los 
parámetros analizados. De hecho, el tratamiento con leptina en los animales SM 
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normaliza alguno de los cambios inducidos por este protocolo pero exacerba otros. 
Puede ser que la dosis de leptina utilizada resulte alta respecto a los niveles fisiológicos 
afectando algunos de los parámetros medidos. Resulta crucial encontrar los niveles 
óptimos de leptina en este periodo crítico del desarrollo (etapa perinatal), donde un 
exceso o una carencia de esta hormona pueden provocar alteraciones en diversos 
parámetros fisiológicos que se manifiestan en la edad adulta. 
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Abstract  
Background: Maternal deprivation (MD) during neonatal life can have long-term 
effects on metabolism and behavior, with males and females responding differently. 
We previously reported that MD blocks the physiological neonatal leptin surge, which 
could underlie some of the long-term metabolic changes. Hence, we hypothesized that 
leptin replacement during MD would normalize these changes, with this response also 
differing between the sexes. 
Methods: MD was carried-out in Wistar rats for 24 hrs on postnatal day (PND) 9. 
Control and MD rats of both sexes were treated from PND 9 to 13 with leptin (3 
mg/kg/day sc) or vehicle. Weight gain, food intake, glucose tolerance and pubertal 
onset were monitored. Sexual behavior was analyzed in males. Rats were killed at 
PND90 and serum hormones and hypothalamic metabolic and reproduction 
neuropeptides were analyzed. Results were analyzed by three-way analysis of variance 
using sex, MD and leptin treatment as factors and employing repeated measures 
where appropriate. 
Results: In males, MD decreased leptin and increased insulin and triglycerides in 
serum, increased hypothalamic proopiomelanocortin mRNA levels and advanced the 
external signs of puberty. Leptin treatment normalized the effects on insulin, 
triglycerides and pubertal onset. None of these changes were seen in females. In 
females, MD decreased circulating triglycerides and estradiol levels, which were 
normalized by leptin. Leptin treatment to control rats increased serum insulin and 
hypothalamic mRNA levels of the leptin receptor and cocaine- and amphetamine-
regulated transcript in males only, but increased orexin mRNA levels in both sexes. 
Moreover, neonatal leptin treatment advanced the external signs of puberty in males, 
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but delayed them in females. However, the combination of MD and leptin treatment 
increased serum testosterone and estradiol levels in males and females, respectively, 
with pubertal onset only affected in females. However, mRNA levels of hypothalamic 
neuropeptides and receptors related to reproduction were not affected by MD or 
leptin in either sex. 
Conclusion: These findings indicate that MD and neonatal leptin levels modify 
metabolic and reproductive parameters, with an interaction on some variables. 
Indeed, some of the endocrine parameters disrupted by MD were normalized with 
leptin treatment, with males and females being differentially affected.  
Key words: neonatal leptin surge; sexual dimorphism; neuropeptides; 
hypothalamus; puberty; reproduction; weight gain. 
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Background 
Numerous studies aimed at understanding how the environment during 
development affects later health and wellbeing have investigated the long-term 
impact of early stress [1-4]. Hypothalamic development in rodents is not complete 
until the adolescent period, such that early environmental stress could disrupt the 
maturation of this brain region that coordinates and controls endocrine systems [5]. 
This aberrant development could in turn induce long-term effects on metabolism and 
other neuroendocrine axes.  
Many growth factors, metabolites and hormones impact on brain development, 
with some of these molecules being characteristic of specific brain nuclei or systems; 
for example, leptin is implicated in the development of metabolic circuits [6-8]. Leptin 
is an adipokine produced mainly by adipocytes that is involved in postnatal metabolic 
control [8-10]. It is also implicated in hypothalamic development and synaptic 
plasticity, neurogenesis and neuronal and glial survival in diverse brain areas [6, 7, 10, 
11]. In rodents, there is a postnatal leptin surge beginning around postnatal day (PND) 
5 with a peak between PND9 to PND10 [12]. Some of the long-term metabolic 
outcomes in response to early changes in the neonatal nutritional environment are at 
least partially due to structural changes in the hypothalamus that most likely result 
from modifications of this leptin surge [8, 13, 14]. Leptin is also involved in the 
inflammatory response and in reproductive function [15-18], but the long-term effects 
of changes in the neonatal leptin surge on these systems are less well studied.  
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During the last decade, we have studied maternal deprivation (MD) as a model of 
a psychoneuroimmunoendocrine disorder [19]. In these studies, we observed that MD 
during 24 h on PND9 induces long-term modifications in the endocrine, immune, 
endocannabinoid and glutamatergic systems, as well as behavioral modifications, with 
many of these effects being sexually dimorphic [19]. MD results in important 
alterations in neuronal and glial markers and neurotrophic factors, such as a decrease 
in NeuN, brain-derived neurotrophic factor (BDNF) and neural cell adhesion molecule 
(NCAM), and an increase in glial fibrillary acidic protein (GFAP) expression [20], clearly 
suggesting that MD induces structural modifications. During the 24 h MD protocol, 
diverse circulating factors, including insulin, glucose, corticosterone and leptin levels, 
are dramatically affected [21] and these changes are all potentially capable of inducing 
long-term effects on brain development [6, 20, 22-24]. Thus, the aim of this study was 
to delineate which long-term neuroendocrine effects of MD result from the MD-
induced decline in circulating leptin levels. To this end, rats subjected to MD and 
control rats received daily leptin treatment or vehicle between PND9 and PND13. 
Metabolic and pubertal parameters were analyzed to determine if this leptin 
replacement could protect from or palliate some of the deleterious effects of MD. 
 
Materials and Methods 
Animals 
Adult Wistar rats were purchased from Harlan Interfauna Ibérica S.A. 
(Barcelona, Spain) and allowed to acclimate for 2 weeks before mating. For mating, 
one male was placed in a cage with two females for 10 days. On the day of birth 
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(PND0), litters were culled to four male and four female pups per dam, with no cross-
fostering being employed. In order to reduce the litter effect, three different litters 
were used in all experimental groups and in all analyses, with a total of 12 rats in each 
experimental group. Rats were maintained at a constant temperature (22 ± 1 °C) and 
humidity (50 ± 2%) in a reversed 12-h light-dark cycle (red light on at 08:00 and white 
light on at 20:00) and given free access to rat chow (commercial diet for rodents 2918; 
Harlan Laboratories, Madison, WI, USA) and water. 
The experimental procedures were approved by the University Ethical 
Committee for Animal Experimentation and complied with the Royal Decree 53/2013 
and with the European Union guidelines for use of experimental animals (2010/63/EU). 
Maternal deprivation 
A schematic drawing of the experimental design is shown in Figure 1. Maternal 
deprivation was performed as previously described [25]. Briefly, beginning at 09:00 on 
PND9, mothers from the deprived group were removed and placed in a cage next to 
the home cage in the same room and returned to their home cage on PND10. Mothers 
of the control litters were left undisturbed.  
Leptin treatment 
Rats were injected sc with 3 mg/kg bodyweight (bw) of rat leptin (National 
Hormone & Pituitary Program, Torrance, CA) from PND9 until PND13. The rats received 
one injection per day at 9:00. Control rats received the same volume (2.5 ml/kg) of 
vehicle (saline + 0.1% BSA). After each injection, the rats were immediately returned to 
their mothers. All rats were then left undisturbed from PND13 until they were weaned 
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at PND22. At weaning, the rats were separated and placed 2 rats of the same sex and 
experimental group/cage. Each experimental group consisted of 12 animals. 
Weight, food, pubertal control and oral glucose tolerance test (OGTT) 
Body weight and food intake were monitored weekly until 5 days before 
sacrifice. Food intake was measured by placing a known amount of food in each cage 
and measuring the remaining amount at the same time the following week.  
Pubertal onset was measured by monitoring vaginal opening (VO) or balano 
preputial separation (BPS). Due to the differences in age of pubertal onset, this 
monitoring started on PND30 in females and PND35 in males. On PND60 at 9:00 an 
OGTT was performed.  
Glucose was administered orally (1 g/kg). Glucose levels were then determined 
in tail blood 15, 30, 60 and 120 minutes later by using a glucometer (Optium Plus, 
Abbot Diabetes Care, Witney Oxon, UK). 
Sexual behavioral testing 
Female sexual behavior was not analyzed in order to avoid stress due to estrous 
cycle monitoring and to avoid the possibility of pregnancy. 
Male sexual behavior was tested at PND 84. For this, stimulus female rats (300 
± 20 g) that were not a part of this study were induced to become sexually receptive by 
a subcutaneous injection of 50 mg of estradiol benzoate (Sigma Aldrich) 48 h before 
testing, followed by injection of 500 mg of progesterone (Sigma Aldrich) 4 h before 
testing. The experiments, performed during the central part of the dark period (12:00-
16:00), were carried out in a square arena (60 cm x 60 cm x 45 cm) with matte-painted 
metallic floor and Perspex walls under red illumination provided by two 40 W 
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fluorescent lamps. Each male rat was observed alone for 5 min. An estrous female was 
then introduced into the center of the arena and his behavior was recorded. Each test 
lasted a maximum of 30 minutes. If no intromission was displayed within the first 15 
minutes, the test terminated and the male was considered a “non-copulator”. Video 
tape-recordings were later replayed and analyzed (in slow motion when necessary) 
and the following parameters were measured: 1) Mount latency (ML, in seconds) 
defined as the time between introduction of the female rat and the first mount; 2) 
Intromission latency (IL, in seconds) considered as the time between introduction of 
the female rat and the first intromission; 3) Mount frequency, which was the number 
of mounts displayed before ejaculation; 4) Intromission frequency, determined as the 
number of intromissions displayed before ejaculation; 5) Ejaculation frequency, 
defined as the number of ejaculations during the test session; 6) Ejaculation latency, 
which was the time between the first intromission and ejaculation; 7) Total 
mounts/intromission frequency, calculated as the total number of 
mounts/intromission frequency; 8) Inter-copulatory interval (ICI) calculated from the 
ejaculation latency/intromission frequency in each copulatory series; 9) Pseudo 
intercopulatory interval (Pseudo-ICI) for non-ejaculating rats, which represents the 
time from the first intromission to the end of the 30 min session/number of 
intromissions; 10) copulatory rate (the sum of mounts and intromissions divided by the 
elapsed time (s) from the first mount until an observed ejaculation); 11) percentage of 
rats displaying copulatory activity, and 12) percentage of rats achieving ejaculation. 
After each trial, animals were placed back into their home cages with 
littermates and the arena was thoroughly cleansed with water. These animals were 
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submitted to others behavior tests previous to the sexual test such as novel object test 
and elevated plus maze (manuscript submitted) with an interval of 7 days between 
each test. 
Tissue collection 
Blood was collected from the tail vein at PNDs 36 in tubes containing EDTA (0.5 
M) and rapidly placed in ice. On PND90 all rats were sacrificed after a 12h fast by rapid 
decapitation and trunk blood was collected in tubes and rapidly placed on ice and kept 
overnight at 4º. The blood was centrifuged (3000 rpm for 15 min) and the serum 
collected and stored at −20° until processed. The brain was rapidly removed and the 
hypothalamus dissected and the pituitary was collected. They were then frozen in 
liquid nitrogen and stored at −80° until processed. 
Leptin enzyme-linked immunosorbent assay (ELISA) 
Plasma leptin levels were measured at PND36 by using B-bridge mouse/rat 
leptin ELISA kits (Cupertino, CA, USA) following the manufacturer’s instructions. The 
assay sensitivity is 0.5 ng/ml, with an inter-assay variation 6.5 % and intra-assay 
variation of 3.7 %. All samples were run in duplicate.  
Multiplexed Magnetic bead immunoassay  
Insulin levels were measured in duplicate in serum collected at sacrifice by a 
multiplexed magnetic bead immunoassay kit (Millipore Corporation) as previously 
described [26]. Briefly, beads conjugated to the appropriate antibodies and serum 
samples (25 μl each) were incubated over night at 4ºC with shaking. Wells were 
washed three times using a wash buffer and antibody conjugated to biotin (50 μl) was 
added. After incubation for 30 min at room temperature with shaking, beads were 
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incubated during 30 min with 50 μl streptavidin conjugated to phycoerythrin. Beads 
were analyzed in the Bio-Plex suspension array system 200. Raw data (mean 
fluorescence intensity) was analyzed using the Bio-Plex Manager Software 4.1 (Bio-Rad 
Laboratories). Leptin was also measured in this assay. These results have been 
previously reported (manuscript submitted). 
Corticosterone and testosterone radioimmunoassay 
Corticosterone was measured in serum collected at sacrifice using a solid phase 
I125 radioimmunoassay (Immunochem Double Antibody Cort; MP Biomedicals, Illkirch, 
France). The detection limit was 7.7 ng⁄ml and the inter- and intra-assay coefficients of 
variation were less than 10%. 
Plasma testosterone levels were measured in serum collected at sacrifice with 
RIA Coat-a-Count® kits from Siemens (Los Angeles, USA) following the manufacturer's 
instructions. The detection level was 4 ng/dl. The intra- and inter-assay coefficients of 
variation were 6.0% and 6.4%, respectively. 
Estradiol-17β ELISA 
Plasma 17-β estradiol levels were determined in serum collected at sacrifice by 
using an ELISA from Enzo (Farmingdale, NY, USA). Absorbance in each well was 
measured by using a Tecan Infinite M200 (Grodig, Austria) and serum concentrations 
were calculated from the standard curve. This assay has a sensitivity of 14.0 pg/ml and 
inter- and intra-assay coefficients of variation of 8.3% and 2.1%, respectively 
All samples were run in duplicate and in the same assay for all hormones. 
Triglyceride assay 
Triglycerides were measured in serum collected at sacrifice by using 
commercial kits (RANDOX, Antrin, UK) according to the manufacturer’s instructions. 
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Serum samples (in duplicate) were incubated with the commercial solution containing 
lipoprotein lipase, glycerol kinase, glycerol-3-oxidase, peroxidase, 4 aminophenazone 
and ATP for 5 minutes at 37ºC under agitation. The resulting color was detected at 500 
nm in a spectrophotometer and compared to a standard curve. 
Quantitative real-time PCR  
Total RNA from approximately 50-100 mg of hypothalamic tissue, divided into 
rostral (HTr) and caudal or medial basal (MBH) areas using the optic chiasm as 
reference, was isolated using TRIsure Reagent (Bioline, London). High Capacity cDNA 
Reverse Transcription kits (BioRad Laboratories, Hercules, CA) were used according to 
the manufacturer's protocol on a iCycler iQ PCR Thermal Cycler (BioRad) to transcribe 
0.5 μg total RNA isolated from each tissue. 
Aliquots of the resulting cDNA samples were amplified by PCR with specific 
oligonucleotide primer pairs designed to span intron/exon borders. The sequence of 
the primer pairs used were: [1] rat Kiss1, forward 5’ GCT GCT GCT TCT CCT CTG TG 3’ 
and reverse 5’GCA TAC CGC GGG CCC TTT T 3’; [2] rat Gpr54, forward 5’GCC ACA GAT 
GTC ACT TTC CTT C 3’ and reverse 5’GCC ACA GAT GTC ACT TTC CTT C 3’; [3] rat RFRP 
(RFamide-related peptide), forward 5’ AAT CCC TGC ACT CCC TGG CCT 3’ and reverse 
5’AAG GAC TGG CTG GAG GTT  TCC  3’; and [4] rat NPFFR1 (neuropeptide FF receptor 
1), forward 5’ AAC CGG CAC ATG CGC ACT GTC 3’and reverse 5’ GAC ATG CCC TGC ACC 
AAG CCG 3’. Amplification of S11, forward 5’ CAT TCA GAC GGA GCG TGC TTA C  3’ and 
reverse 5’ TGC ATC TTC ATC TTC GTC AC 3’ served as control for the RT-PCR reactions. 
Amplification of the cDNA template was performed using 1x iQ Supermix and SYBR 
green for each detected gene (Promega, Wisconsin, USA). Predesigned commercial 
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expression assays were used for the following genes: neuropeptide Y (NPY, 
Rn01410145_m1), proopiomelanocortin (POMC; Rn00595020), Agouti-related peptide 
(AgRP; Rn014311703_g1), cocaine- and amphetamine-regulated transcript (CART; 
Rn00567382_m1), orexin (Rn00565995_m1) and leptin receptor (LepR; 
Rn01433250_m1). Results were normalized to Pgk1 (Rn00569117_m1) mRNA levels in 
all samples. 
Total RNA was extracted from each pituitary with TRIzol® Reagent (Invitrogen). 
High Capacity cDNA Reverse Transcription kits (Applied Biosystems, Foster City, CA) 
were used according to the manufacturer's protocol on a Peltier thermal Cycler 
Tetrad2 (BioRad) to transcribe 2 μg total RNA. Amplification of the cDNA template was 
performed with an ABI PRISM 7900HT sequence Detection System (Applied 
Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems) and 
TaqMan Gene Expression Assay kits for each detected gene (Applied Biosystems). In 
the pituitary follicle-stimulating hormone (βFSH, Rn01484594_m1) and luteinizing 
hormone (βLH, Rn00563443_g1) were analyzed. Results were normalized to 18S 
(Rn01428915_g1) mRNA levels.  
According to manufacturer's guidelines, the ΔΔCT method was used for relative 
quantification. Statistics were performed using ΔCT values. 
Statistical analysis 
Normality was checked by Shapiro-Wilks’s test (p>0.05). The criterion of 
normally distributed data were not always met in some populations under study; thus, 
when necessary data were transformed by the Neperian logarithm function, aiming to 
satisfy the assumption of normality for ANOVA. Body weight gain and food intake were 
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analyzed by three-way analysis of variance (ANOVA) with the factors being sex (males 
and females), MD (Co: maternal non deprived; MD: deprived rats) and leptin 
treatment (Vh: vehicle; Leptin treatment: Leptin), with repeated measures. Three-way 
ANOVA was used to analyze results when tissue from males and females were 
processed simultaneously (hormone assays, OTTG and PCR), followed by two-way 
when appropriate. Two-way ANOVAs were employed when males and females were 
processed separately (pubertal onset, sex hormone assays and sexual behavior). 
Tukey’s test was used for post-hoc comparisons. The level of significance was chosen 
as p<0.05. All results are reported as mean ± SEM. In the figures only physiologically 
relevant comparisons are demonstrated. Although weight gain was analyzed 
simultaneously in both sexes, the results are represented in the figures separately to 
facilitate interpretation. 
 
Results 
Body weight gain, accumulated food intake and OGTT 
There were effects on body weight due to sex [F(1,82)=916.63; p<0.005], with 
females weighing less than males, to MD [F(1,82)=15.68; p<0.005], with MD groups of 
both sexes weighing less than their controls until PND57 (Figs. 2A and B). A significant 
effect of sex [F(1,82)=1201.03; p<0.005] was found on accumulated weight gain with 
female rats gaining less weight than males (Fig. 2C).  
There was an interaction between sex x MD x leptin [F(1,82)=7.80; p<0.01] on 
accumulated food intake. Females ate less than males in all corresponding groups (Fig. 
2D). Leptin treated MD males consumed less food than CoVh males.  
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A significant effect of sex [F(1,82)=42.79; p<0.005] and leptin treatment 
[F(1,82)=23.15; p<0.005] were found on baseline glucose levels (MALES: CoVh 
81.0±2.8; CoLeptin 101.3±3.8; MDVh 88.2±2.2; MDLeptin 96.4±1.8; FEMALES: CoVh 
76.2±2.9; CoLeptin 81.4±3.3; MDVh 73.2±3.8; MDLeptin 87.8±5.3 mg/dl), with males 
having higher levels than females and leptin treatment increasing baseline glucose 
levels. The OGTT showed significant effects due to sex [F(1,82)=33.97; p<0.005] and 
MD [F(1,82)=5.93; p<0.05]. Females rats were more glucose tolerant than males and 
MD increased glucose tolerance in both sexes (Fig. 2D), with no effect of leptin 
treatment. 
Levels of serum hormones and metabolic factors 
A main effect of sex [F(1,38)=9.17; p<0.005] was found on circulating leptin 
levels. Females had lower leptin levels (Fig. 3A) than males. Also, an interaction 
between sex and MD was found [F(1,38)=4.57; p<0.05]. Two-way ANOVA (split by sex) 
revealed a decrease in leptin levels in males due MD [F(1,20)=5.39; p<0.05].   
There was an interaction between MD and leptin treatment on insulin levels in 
males [F(1,24)=33.38; p<0.005], with CoLeptin males and MDVh males having higher 
levels than CoVh males. Leptin treatment normalized the increase MD males (Fig. 3B).  
A significant effect of sex was found on circulating corticosterone 
[F(1,54)=32.31; p<0.005] levels. Females had higher corticosterone (Fig. 3C) levels than 
males regardless of treatment. An interaction between sex and leptin was found 
[F(1,54)=8.40; p<0.01] with MDLeptin females having lower levels than CoVh females. 
Main effects of sex [F(1,53) = 4.55; p<0.05] and leptin treatment [F(1,53) = 5.34; 
p<0.05] were found on circulating triglycerides levels, with an interaction between sex, 
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MD and leptin treatment [F(1,53) = 7.94 ; p<0.01]. Two-way ANOVA (split by sex) 
revealed an effect of leptin treatment in males [F(1,26)=10.76; p<0.005] and an 
interaction between MD and leptin treatment in females [F(1,27)=10.82 ; p<0.005]. As 
shown in Figure 3D, triglycerides levels tended to increase in MDVh males and leptin 
treatment counteract this effect (Tukey post hoc, p<0.05), while females MDVh 
showed lower levels than CoVh group (Tukey post hoc, p<0.05). 
There was an interaction between MD and leptin treatment on estradiol levels 
in females [F(1,17)=20.89; p<0.005], with MDVh females having lower levels than CoVh 
females. This was normalized in MDLeptin females (Fig. 3E). 
In males, there was an effect of leptin treatment on testosterone levels 
[F(1,31)=6.09; p<0.05] with higher levels in MD leptin males (Fig. 3F). 
 
Hypothalamic mRNA levels 
Genes related to metabolic control 
Regarding neuropeptides involved in food intake in the MBH, no effect due by 
sex, MD or leptin treatment was found on NPY mRNA levels (Fig. 4A). Females had 
lower AgRP mRNA levels compared to males [F(1,37)=24.51; p<0.005], but there was 
no effect of MD or leptin in either sex (Fig. 4B).  
There was an interaction between MD and leptin treatment on POMC 
[F(1,38)=7.04; p<0.05] and CART [F(1,39)=11.93; p<0.005] mRNA levels. In males POMC 
mRNA levels were increased by MD (Fig. 4C). Leptin increased CART mRNA levels in 
control males, but not in MD males (Fig. 4D). Although there was no difference in 
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controls, leptin treated control males had higher levels of CART mRNA than leptin 
treated control females.  
There was an interaction between MD and leptin treatment [F(1,35)=10.27; 
p<0.005] on orexin mRNA levels in the MBH. Leptin treatment increased orexin mRNA 
levels in control males and females, but MD impeded this effect in females (Fig. 4E).  
Leptin treatment also had an effect on LepR mRNA levels [F(1,36)=6.16; 
p<0.05], increasing them significantly in control male rats (Fig. 4F).  
Reproduction related genes 
Females had significantly higher Kiss1 mRNA levels in the HTr [F(1,37)=81.33; 
p<0.005] and MBH [F(1,40)=21.59; p<0.005] than males. However, there were no 
effects of leptin or MD. There were no significant effects on the mRNA levels of Npff1r, 
Gpr54 or Rfrp in either hypothalamic area (Table 1). 
Pituitary hormones 
Females had lower levels of βFSH mRNA in the pituitary than males 
[F(1,34)=65.12; p<0.005]. No effect on βLH mRNA levels was found (Table 2). 
Pubertal onset 
Leptin treatment delayed VO [F(1,40)=5.62; p<0.05] regardless of whether the 
females had been exposed to MD or not (Fig. 5A). There was an interaction between 
MD and leptin treatment on BPS [F(1,42)=21.11; p<0.005], so that CoLeptin males and 
MDVh males showed anticipated pubertal onset compared with CoVh males (Fig. 5B). 
Sexual Behavior 
Although leptin treatment tended to increase mount latency, this effect was 
not significant (Fig. 6A) and no effect was found on intromission latency (Fig. 6B). An 
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interaction between MD and leptin was found on ejaculation latency 
[F(1,35) = 13.01; p < 0.005] with leptin decreasing latency in control males but not in 
MD males, with CoLeptin having lower levels than MDLeptin males  (Fig. 6C).  
Leptin treatment decreased mount frequency [F(1,36) = 7.14; p < 0.05; Fig. 6D] 
and increased mount/intromission frequency [F(1,16) = 5.62; p < 0.05] in MD males 
(Fig. 6G). Leptin tended to increase ejaculation frequency in controls and decrease it in 
MD rats, resulting in CoLeptin having a significant higher frequency than MDLeptin 
males [F(1,8) = 0.22; p < 0.05; Fig. 6F]. There was no effect of either leptin or MD on 
intromission frequency (Fig. 6E). A main effect of MD [F(1,11) = 6.15; p < 0.05] was 
found on pseudo-ICI values with MD males having lower values than Co males (Fig. 
6H). No effects were found on ICI values (Fig. 6I). A significant interaction between MD 
and leptin treatment was found on copulatory rate [F(1,34)=13.40; p<0.005] with 
MDLeptin males having lower values than CoLeptin males (Fig.  6J).  
Xi-quadrate analysis showed a significant decrease in percentage of rats 
achieving ejaculation in the MD Leptin group (χ1=6.60, p<0.05; Fig. 6L) with no effect 
on the percentage of rats displaying copulatory activity (Fig. 6K). 
 
Discussion 
Prenatal and early postnatal influences such as stress, nutritional perturbation 
or hormonal modifications can have long-term implications in metabolism, modifying 
body weight and the response to later metabolic challenges [27, 28]. We previously 
reported that MD at PND9-10 modifies adult body weight and the response to a high 
fat diet [13]. We speculated that at least part of these metabolic effects were due to 
the dramatic decline in serum leptin levels during the separation period of MD [21], as 
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well as afterwards [13]. Studies indicate that modifications in neonatal leptin levels 
affect adult metabolism [29-32]; thus, we replaced MD rats with leptin during the time 
when the normal neonatal leptin surge should occur. We found that some of the 
observed MD-induced modifications were reversed by neonatal leptin replacement, 
suggesting that part of the long-term effects of MD could be mediated through 
changes in leptin levels. However, some effects of MD were actually exacerbated by 
leptin treatment, indicating a more complex interaction of these early events. We also 
found that MD did not result in the same metabolic modifications that we previously 
reported. These differences could possibly be derived from the daily handling of the 
pups in the studies reported here in order to inject the control vehicle treatment. 
The fact that MD decreased body weight until PND57 is in agreement with 
some of our previous studies where this effect was found to persist into adolescence 
and early adulthood, whereas in other studies the change in body weight was found 
into later adult life [13, 33, 34]. In control males, leptin treatment tended to increase 
adult body weight, which was associated with a trend towards an increase in food 
intake. This is in agreement with the study by Toste, de Moura [35], whereas both 
body weight and food intake were increased in response to neonatal leptin treatment. 
However, other studies have reported no change in body weight [36-38]. These 
discrepancies may be due to the dose and timing of the leptin treatment. It is also 
possible that other factors during development influence the response to leptin. 
Indeed, in male MD rats neonatal leptin treatment reduced weight gain and food 
intake. The fact that there was no effect of neonatal leptin treatment on food intake or 
weight gain in control females is in agreement with a study by Erkonen, Hermann [37]. 
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Moreover, here we show that this response to leptin in females in not modified by 
MD.  
 Here we found males to have higher circulating leptin levels than females at 
PND36, and this was also found when they reached adulthood (Mela et al., manuscript 
submitted). This is in accordance with previous studies showing this sex difference in 
leptin levels [13, 21, 39]. In males, MD decreased leptin levels, but in adulthood there 
was no effect of MD in either sex (Mela et al., manuscript submitted), which is in 
contrast to our previous studies where MD was found to decrease serum leptin levels 
even in adulthood [21, 33, 34]. The stress of saline injection has been reported to 
affect leptin levels [40], and this could mask the effect of MD possibly by even affecting 
levels in the vehicle treated animals. Neonatal leptin treatment is reported to increase 
or have no effect on circulating leptin levels in later life [32, 37, 40]. While blocking the 
neonatal leptin surge was found to have no effect on body weight or leptin levels 
during the peripubertal period [41], this blockade decreased adult body weight and 
leptin levels found [32]. Thus, as with body weight the long-term effects on circulating 
leptin levels most likely depend on how and when the neonatal leptin surge is 
manipulated, as well as other neonatal conditions such as stress. 
We have previously shown that neonatal leptin treatment decreases food 
intake in male rats, but this is a delayed effect [32]; thus, it is plausible that a change in 
food intake would be observed at older ages, at least in control males. MD males 
appear to be more susceptible to the effect of neonatal leptin on food intake and this 
reduction could be related to the increase in hypothalamic mRNA levels of the 
anorexigenic neuropeptide POMC. However, increased POMC mRNA levels were found 
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in leptin treated controls and MD vehicle treated rats, where food intake and weight 
gain were not reduced. In addition, orexin levels were increased in MDLeptin males, 
which would be inclined to increase food intake. Likewise, the mRNA levels of this 
orexigenic neuropeptide were increased in leptin treated controls of both sexes, 
although food intake was not affected. Thus, the changes in the mRNA levels of 
metabolic neuropeptides did not correlate with modifications in food intake or weight 
gain. Further studies are necessary to determine how MD and early leptin treatment 
modify peptide levels and secretion of these neuropeptides, including the synaptic 
organization of these metabolic circuits. In addition, POMC mRNA levels were 
increased in MD males, which is discordant with previous results where we found no 
effect of MD on hypothalamic mRNA levels of POMC, CART, NPY or AgRP levels at 
different post-natal ages [13, 21]. 
In both MD male and female rats, the AUC on the OGTT was decreased, with no 
effect of leptin treatment. During the process of MD glycaemia is decreased [21] and 
whether this underlies the long-term effect on glucose metabolism deserves to be 
analyzed. There was no long-term effect of MD on glycemia, but fasting insulin levels 
were increased in males, which might suggest a degree of insulin insensitivity. This is in 
contrast to our previous studies where MD had no effect on insulin levels in neonates 
or adults [13, 21]. In control males treated with leptin, insulin levels were increased, 
which is in concordance with Passos, Toste [42] who reported that young rats treated 
with leptin during early postnatal life were hyperinsulinemic. However, the 
combination of MD and leptin treatment returned fasting insulin levels to that of 
controls.  
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Corticosterone levels were unaffected by MD or leptin treatment. We have 
previously shown that in females MD reduces corticosterone levels in adolescence and 
adulthood [25, 43], here this effect did not reach significance. Circulating 
corticosterone levels were higher in females compared to males, as previously 
reported [21, 44].  
Metabolic modifications during early life, especially increased weight gain, are 
suggested to impact on pubertal development with changes in leptin levels possibly 
being involved in this phenomenon [45-48]. Here we found that both neonatal leptin 
treatment and MD advanced the appearance of external signs of puberty in control 
male rats.  In contrast, pubertal onset was delayed by leptin treatment in both control 
and MD females, with no effect of MD alone. Leptin is considered to be a permissive 
factor for puberty [49] and increased fat mass and leptin levels are thought to advance 
pubertal onset [50]. However, this early increase in leptin levels delayed pubertal 
onset in females. It is possible that the age at which the subject is exposed to increased 
leptin levels determines how pubertal development is affected. Although 
hypothalamic expression of members of the kisspeptin system was unaffected, the 
delay in pubertal onset could be due to modifications in this system that do not involve 
changes in mRNA levels, such as synaptic connectivity or secretion patterns. Likewise, 
although there was no effect of either MD or leptin treatment on pituitary βLH or βFSH 
mRNA levels, the pattern of gonadotropin release could be affected and this could in 
turn affect the activation of the reproductive axis. In males advanced puberty was 
coincident with an increase in hypothalamic CART mRNA levels. This neuropeptide is 
involved not only in metabolism, but also in other physiological functions such as 
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stress or reproduction, as CART can facilitate leptin’s action on GnRH neurons to 
influence pubertal onset [51]. 
Early environmental stresses, such as neonatal handling or perinatal maternal 
food restriction, can have long-term consequences on the reproductive axis and sexual 
behavior in both males and females [52-56]. We previously reported that circulating 
testosterone levels are decreased by MD [34], while here this decline did not reach 
significance. In contrast, neonatal leptin treatment increased testosterone levels in 
adulthood and this increase was greater in MD males. Leptin regulation of normal male 
reproduction includes both central and testicular actions [57, 58], but no effect of 
either MD or leptin treatment was found on the expression of gonadotropins or 
neuropeptides involved in reproduction. As stated above, it is possible that the 
neuronal connectivity and/or hormonal pulsatility of this system are modified, with 
subsequent effects on physiological functions. Leptin also has a direct inhibitory action 
on testicular steroidogenesis [58, 59], which has been proposed as the link between 
decreased testosterone secretion and hyperleptinemia in obese men [58, 60]; thus, 
neonatal leptin treatment could possibly have a direct effect on testicular 
development. Indeed, we have recently shown that blockage of the neonatal leptin 
surge increased testicular volume in perinatal males [41]. 
 In females, estradiol levels were decreased by MD and returned to control 
levels with leptin replacement. Leptin plays an important role in female reproduction, 
with effects on gonadal function, pregnancy and implantation [61-63], with female 
fertility being dependent on adequate metabolic status [64, 65]. Deregulation of leptin 
levels might be responsible for some reproductive problems such as infertility [66]; 
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however, little is known regarding long-term effects of early stress and modifications 
in leptin levels on female reproduction. It is possible that the dramatic reduction in 
leptin produced by MD is interpreted as a signal that the nutritional status of the 
immediate environment is not conducive to future reproduction. The possible 
involvement of leptin in this phenomenon is suggested by that fact that neonatal leptin 
replacement normalized adult estradiol levels.  
To date there is no information in the literature as to how MD or neonatal 
leptin levels affect sexual behavior. In rat models of sexual behavior, mount latency, 
mount frequency and intromission latency can be considered as measures of sexual 
desire and motivation, while intromission and ejaculation latency are measures of 
performance (consummatory behavior)  [67]. Thus, leptin treatment of control males 
appears to affect sexual performance in control males, decreasing ejaculation latency, 
but not in MD males. However, leptin treatment of MD males decreased sexual 
motivation. In male rats the only apparent effect of MD alone on sexual behavior was a 
decrease in pseudoICI, which might be interpreted as an increase in sexual desire and 
motivation. Libido is under psychosomatic, neurogenic, vascular and hormonal control 
(Waller et al., 1985). Current hypotheses suggest that dopaminergic activity is 
associated with sexual desire and erectile response, while central serotonergic activity 
is inhibitory to erectile and orgasmic function [68]. In line with this, in previous studies 
we found an increase in serotonin levels due MD [69]. Thus, the MD-related increase 
of pseudoICI might be more associated with an increase of sexual desire rather than 
consummatory behavior. However, neonatal leptin treatment might function to 
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increase sexual performance, as shown by its effects on ejaculation latency and 
mount/intromission frequency. 
In summary, the results reported here further emphasize the importance of the 
postnatal leptin surge in brain development and indicate that the long term-
consequences depend upon the manner in which this disruption occurs, as well as the 
sex of the animal. Indeed, some of the consequences of MD appear to be due, at least 
in part, to modifications in the leptin surge as leptin replacement to MD rats 
normalized some parameters. However, in some instances MD and leptin treatment 
had the same effect or even additive effects. One caveat that must be considered is 
the regimen of leptin replacement. The daily injection results in a supraphysiological 
peak of serum leptin levels that then return to baseline levels by 24 hours [32], 
inducing long-term effects even in control rats. However, the response to this leptin 
treatment varied depending on the baseline circumstances of the animal (MD or 
control) or whether they were male or female.  
Conclusions: The results reported here clearly demonstrate that the early neonatal 
environment has important long-term influences on neuroendocrine systems, 
including puberty and sexual behavior, and that these outcomes are complex 
depending on numerous interacting factors including the sex of the animal. Changes in 
serum leptin levels during maternal deprivation appear to be involved in at least some 
of the resulting long-term metabolic and reproductive effects of this early stress. 
Moreover, our results further emphasize the importance of appropriate control groups 
during early manipulations due to the vulnerability of the developing systems to even 
vehicle treatments. 
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AgRP: Agouti-related peptide; βFSH: follicle-stimulating hormone; βLH: luteinizing 
hormone;  BDNF: brain-derived neurotrophic factor;  BPS: balano preputial separation; 
CART: cocaine- and amphetamine-regulated transcript; Co: control, non-deprived; 
GFAP: glial fibrillary acidic protein;  HTr: rostral hypothalamus; ICI: inter-copulatory 
interval; IL6: interleukin 6; LepR: leptin receptor; MBH: caudal or medial basal 
hypothalamus;  MD: maternal deprivation;  NCAM: neural cell adhesion molecule; NPY: 
neuropeptide Y; OGTT: oral glucose tolerance test; PND: postnatal day; POMC: 
proopiomelanocortin; Pseudo-ICI: pseudo intercopulatory interval;  TNFα: Tumor 
necrosis factor alpha; Vh: Vehicle; VO: vaginal opening. 
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Figure legends 
Figure 1. Experimental design diagram. PND= postnatal day. 
 
Figure 2. (A & B) Body weight (BW), (C) accumulated BW gain and (D) accumulated 
food intake per rat from the time of weaning until 5 days before sacrifice; and (E) 
Glucose tolerance test  (area under the curve), in maternal deprivation (MD) or control 
(Co) male and female rats treated with leptin (Lept) or vehicle (Vh) from postnatal day 
(PND) 9 until PND13 (n=10-12). A & B data were analyzed by a repeated measure 
three-way ANOVA: (a) main effect of sex; Tukey’s post hoc test: *** Co Leptin vs MD 
Leptin (p<0.005) and ### MD Vh vs MD Leptin (p<0.005). C, D & E data were analysed 
by three-way ANOVA: (a) main effect of sex; (b) main effect of MD. Tukey post hoc: ** 
p<0.01; ***p<0.005. 
 
Figure 3. Serum levels of (A) leptin, (B) insulin, (C) corticosterone, (D) triglyciredes, (E) 
17β-Estradiol and (F) testosterone, at postnatal day (PND) 36 for leptin and 90 for the 
rest,  in maternal deprivation (MD) or control (Co) male and female rats treated with 
leptin (Lept) or vehicle (Vh) from PND9 until PND13 (n=7-8). a: main effect of sex 
(Three-way ANOVA), b: main effect of MD (Two-way ANOVA). Tukey’s post hoc test:* 
p<0.05; **p<0.01; ***p<0.005 
 
Figure 4. Expression levels in the medial basal hypothalamus of the mRNAs encoding 
(A) NPY,  (B) AgRP, (C) POMC, (D) CART, (E) orexin and (F) leptin receptor (LepR) in 
maternal deprivation (MD) or control (Co) male and female rats treated with leptin 
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(Lept) or vehicle (Vh) from postnatal day (PND) 9 until PND13 (n=5-6). Three-way 
ANOVA: (a) main effect of sex. Tukey’s post hoc test: *<0.05; **p<0.01; ***<0.005. 
 
Figure 5. Age of pubertal onset assessed by (A) vaginal opening (VO) in females and (B) 
balano-prepurcial separation (BPS) in males in maternal deprivation (MD) or control 
(Co) rats treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until 
PND13 (n=10-12). The animals were monitored between days 30 and 38 (females) or 
days 35 and 47 (males) for VO or BPS, respectively. For presentation of data, 
cumulative percentage data of VO/BPS are shown beside the mean age of VO/BPS. 
Two-way ANOVA: (b) main effect of leptin treatment. Tukey post hoc: ***p<0.005. 
 
Figure 6. Sexual behavior. (A) Mount latency, (B) intromission latency, (C) ejaculation 
latency, (D) mount frequency, (E) intromission frequency, (F) ejaculation frequency, (G) 
mount/intromission frequency, (H) pseudo-ICI (pseudo intercopulatory interval for 
non-ejaculating rats), (I) ICI (inter copulatory interval:ejaculation latency/intromission 
frequency in each copulatory series), (J) copulatory rate (the sum of mounts and 
intromissions divided by the elapsed time (s) from the first mount until an observed 
ejaculation), (K) percentage of rat displaying copulatory activity and (L) percentage of 
rats achieving ejaculation, of maternal deprivation (MD) or control (Co) male and 
female rats treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until 
PND13 (n=10-12). Two-way ANOVA: (b): main effect of MD. Tukey post hoc: * p<0.05. 
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Table 1: mRNA levels of puberty related genes in rostral (HTr) and medial basal (MBH) hypothalamus  
 Sex Co Vh  Co Lept  MD Vh  MD Lept  
Kiss1 
HTr 
M 
F 
100±8.0 
438.4±146.2 a 
95.6±16.0 
467.1±109.8 a 
109.7±9.0 
506.8±84.3 a 
114.4±25.0 
319.2±45.6 a 
Kiss1 
MBH 
M 
F 
100±8.0 
192.0±22.2 a 
126.3±12.9 
185.5±33.6 a 
116.4±8.7 
172.1±18.8 a 
128.0±19.5 
215.6±31.5 a 
Gpar54 
HTr 
M 
F 
100±9.2 
123.0±12.2 
95.4±6.6 
100.8±6.3 
102.5±6.3 
100.8±6.1 
92.2±12.3 
94.8±4.9 
Gpar54 
MBH 
M 
F 
100±8.0 
119.9±4.1 
99.4±3.9 
104.0±5.5 
103.9±5.0 
112.6±16.0 
111.9±9.6 
104.0±7.3 
Rfrp 
HTr 
M 
F 
100±43.6 
49.3±11.4 
17.0±3.4 
39.0±12.3 
31.7±6.4 
88.6±26.1 
39.8±15.8 
90.8±38.7 
Rfrp 
MBH 
M 
F 
100±12.9 
104.9±7.0 
107.8±13.8 
110.5±18.6 
95.1±10.8 
112.0±11.5 
117.2±13.7 
109.9±6.0 
Nprffr1 
HTr 
M 
F 
100±8.1 
107.1±11.2 
110.0±5.4 
119.7±4.7 
100.1±4.0 
98.3±5.6 
106.7±8.9 
94.0±12.1 
Nprffr1 
MBH 
M 
F 
100±12.8 
107.4±5.1 
129.2±7.9 
116.1±10.7 
110.6±8.2 
100±5.8 
115.9±7.5 
108.6±15.4 
Data are expressed as mean± SEM and normalized to control (Co) values.  Co and maternal deprivation 
(MD) male (M) and female (F) rats with leptin treatment (Lept) or vehicle (Vh) from postnatal day (PND) 
9 to PND13. n= 5-6 per experimental group. Three-way ANOVA: (a) main effect of sex. 
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 Table 2: Gonadotropin mRNA levels in the pituitary 
 Sex Co Vh  Co Lept  MD Vh  MD Lept  
βFSH M 
F 
100±35.2 
13.4±4.9 a 
47.5±11.7 
11.4±5.0 a 
67.7±9.1 
13.0±6.7 a 
210.9±74.0 
4.7±0.8 a 
βLH M 
F 
100±34.2 
86.7±41.2 
82.2±20.0 
138.2±50.4 
76.3±8.0 
69.4±13.8 
170.8±70.2 
80.7±9.2 
Data are expressed as mean ± SEM and normalized to control (Co) values.  Control and maternal 
deprivation (MD) male (M) and female (F) rats with leptin treatment (Lept) or vehicle (Vh) from 
postnatal day (PND) 9 to PND13. n= 5-6 per experimental group. Three-way ANOVA: (a) main effect of 
sex. 
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Capítulo 5: Efectos a largo plazo sobre el hipocampo y la corteza 
cerebral frontal inducidos por la separación materna y un 
tratamiento neonatal de leptina en ratas macho y hembra 
En este capítulo, nos planteamos la hipótesis de que las modificaciones inducidas por la 
SM en el desarrollo del hipocampo y la corteza frontal podrían estar al menos en parte 
mediadas por la interferencia con la oleada de leptina y, de nuevo razonamos que, si 
esto era cierto, una administración neonatal de leptina en ratas SM debería contrarrestar, 
al menos en parte, los efectos neurocomportamentales de este estrés neonatal. Así pues, 
el objetivo de este estudio fue determinar si un tratamiento diario con leptina, entre los 
DPN9-13, podría revertir o al menos paliar los efectos deletéreos de la SM en relación 
al desarrollo de estas áreas y a la expresión de comportamientos en los que están 
implicadas dichas regiones cerebrales. Como en el resto de experimentos de esta Tesis 
Doctoral, fueron incluidos en este estudio ambos sexos dadas las numerosas diferencias 
sexuales encontradas en cuanto a esos efectos neurocomportamentales de la SM (Marco 
et al., 2015). 
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Diseño experimental 5: Para este experimento fueron criadas ratas de la cepa Wistar de ambos 
sexos. Consideramos el día de nacimiento como DPN0. En el DPN9 a las 9.00 h se separó 
madre (de la mitad de las camadas totales)  durante 24 h de sus crías, estableciéndose los grupos 
control (Co) y separados (SM). En DPN9 comienza el tratamiento diario (9.00 h) con leptina 
(Lept; 3mg/kg) o vehículo (Vh) a igual volumen de inyección (2.5ml/kg) y finaliza el DPN13 
estableciéndose los  grupos experimentales definitivos (CoVh, CoLept, SMVh, SMLept) en 
ambos sexos. En el DPN30 comienza el control de entrada en pubertad. En el DPN36 se realizó 
una extracción de sangre de la cola. En DPN60 se llevó a cabo un test de tolerancia a glucosa. 
En DPN 70 y 77 se realizaron las distintas pruebas comportamentales (NOT: novel object test, 
test de reconocimiento de objeto); EPM: elevated plus maze, laberinto en cruz elevado). En el 
DPN90 los animales fueron sacrificados por decapitación tras 12 h de ayuno, se recogió sangre 
del tronco y se diseccionó el cerebro para la extracción del hipocampo y corteza frontal. El 
tejido se congeló en nitrógeno líquido y se conservó a -80º hasta su procesamiento. El 
experimento constó de 8 grupos experimentales (machos CoVh, machos CoLept, machos 
SMVh, machos SMLept, hembras CoVh, hembras CoLept, hembras SMVh, hembras SMLept) 
con una n de 12 animales por grupo experimental. 
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Resultados principales y conclusiones parciales 
En relación a los estudios comportamentales, observamos diferencias en las ratas SM 
con respecto a anteriores resultados dado que en este experimento no se encontraron 
alteraciones en el test de memoria de reconocimiento de objeto (novel object test, NOT) 
que sí habíamos observado en anteriores trabajos (Llorente-Berzal et al., 2012, Marco et 
al., 2013). Estas diferencias pueden deberse a la manipulación que conllevan las 
inyecciones diarias realizadas en un periodo tan crítico para el neurodesarrollo como es 
el perinatal. Por otro lado es interesante observar como la leptina aumenta la actividad 
exploratoria/motora en el campo abierto (open field test, OF) en ratas SM de ambos 
sexos, y tiene un efecto de tipo ansiolítico en las hembras SM durante la prueba del 
laberinto en cruz elevado (elevated plus maze, EPM) ya que se observa un mayor 
número de caídas desde el aparato.  
Los marcadores de plasticidad sináptica también se vieron afectados por el tratamiento 
con leptina de forma que los HC de machos tratados mostraban menores niveles de 
NCAM y PSD95 al compararlos con su respectivo control mientras que las hembras 
tratadas mostraron incrementados los niveles para ambos marcadores en la CF, cosa que 
en los machos solo ocurrió en el caso de NCAM. La SM aumentó los niveles del 
receptor CB1 cannabinoide en el HC de hembras y la leptina, además de tener un efecto 
per se  (reduciendo estos niveles proteicos), consiguió revertir en parte el efecto de la 
SM. Este protocolo de estrés neonatal aumentó significativamente los niveles de ARNm 
para IGF1 y tendió a incrementar los de su receptor en HC de machos, y el tratamiento 
con leptina revirtió estas alteraciones. En cuanto a los marcadores de células gliales, en 
el HC de los machos SM se observó una disminución en los niveles de NG2 mientras 
que en las hembras SM se observó un aumento en este parámetro. Tanto en HC como en 
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CF, se observa una reducción en los niveles de GFAP en machos SM, y dicho efecto se 
ve revertido o atenuado por el tratamiento con leptina en el período neonatal. En el caso 
de las hembras SM, observamos un descenso en los niveles de vimentina y NG2 en la 
CF y la leptina tendió a normalizar estos cambios.   
En resumen, podemos afirmar que: 1) En algunos, pero no todos los parámetros 
analizados, el tratamiento neonatal con leptina revirtió o atenuó los efectos de la SM (ej: 
expresión hipocampal de ARNm para IGF1 y expresión proteica para GFAP y 
vimentina) confirmando parcialmente nuestra hipótesis; 2) El tratamiento neonatal con 
leptina, per se, tuvo efectos sobre el comportamiento del animal (aumentó la actividad 
motora) y efectos neuronales (alterando la expresión de las siguientes proteínas: NG2, 
NeuN, PSD95, NCAM y CB1). Todos estos efectos fueron dependientes del sexo y la 
región cerebral estudiada.  
 
 
RESEARCH ARTICLE
Long Term Hippocampal and Cortical
Changes Induced by Maternal Deprivation
and Neonatal Leptin Treatment in Male and
Female Rats
Virginia Mela1, Francisca Díaz2, Erika Borcel3, Jesús Argente2, Julie A. Chowen2, Maria-
Paz Viveros1*
1 Department of Physiology (Anim Physiol II), Faculty of Biology, Complutense University Madrid, Madrid,
Spain, 2 Department of Endocrinology, Hospital Infantil Universitario Niño Jesús, Instituto de Investigación la
Princesa & CIBEROBN Instituto Carlos III, Madrid, Spain, 3 Brain Mind Institute and School of Life Sciences,
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
* pazviver@bio.ucm.es
Abstract
Maternal deprivation (MD) during neonatal life has diverse long-term behavioral effects and
alters the development of the hippocampus and frontal cortex, with several of these effects
being sexually dimorphic. MD animals show a marked reduction in their circulating leptin
levels, not only during the MD period, but also several days later (PND 13). A neonatal leptin
surge occurs in rodents (beginning around PND 5 and peaking between PND 9 and 10) that
has an important neurotrophic role. We hypothesized that the deficient neonatal leptin sig-
naling of MD rats could be involved in the altered development of their hippocampus and
frontal cortex. Accordingly, a neonatal leptin treatment in MD rats would at least in part
counteract their neurobehavioural alterations. MD was carried out in Wistar rats for 24 h on
PND 9. Male and female MD and control rats were treated from PND 9 to 13 with rat leptin
(3 mg/kg/day sc) or vehicle. In adulthood, the animals were submitted to the open field,
novel object memory test and the elevated plus maze test of anxiety. Neuronal and glial
population markers, components of the glutamatergic and cannabinoid systems and
diverse synaptic plasticity markers were evaluated by PCR and/or western blotting. Main
results include: 1) In some of the parameters analyzed, neonatal leptin treatment reversed
the effects of MD (eg., mRNA expression of hippocampal IGF1 and protein expression of
GFAP and vimentin) partially confirming our hypothesis; 2) The neonatal leptin treatment,
per se, exerted a number of behavioral (increased anxiety) and neural effects (eg., expres-
sion of the following proteins: NG2, NeuN, PSD95, NCAM, synaptophysin). Most of these
effects were sex dependent. An adequate neonatal leptin level (avoiding excess and defi-
ciency) appears to be necessary for its correct neuro-programing effect.
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Introduction
Increasing evidence gives support to the fact that early-life stress induces permanent alterations
in neurodevelopment [1] that may increase the risk of psychopathology at adulthood [2–4].
Manipulation of mother infant interactions has been extensively used as animal models of
early-life stress [5]. Notably, among these models, maternal deprivation (MD), 24 h at postna-
tal day (PND) 9, has been used as an animal model of early-life stress highly suitable for the
investigation of the developmental origin of certain psychiatric disorders such as schizophrenia
and depression [6, 7]. MD has been reported to provoke behavioral abnormalities that resem-
ble psychotic-like symptoms such a disruption in the pre-pulse inhibition (PPI) response [6,
8], neuroendocrine alterations related to stress reactivity [9–11], as well as cognitive impair-
ments in adult animals [12]. Studies have also described deviant behaviors in maternally
deprived adolescent animals, i.e. depressive-like responses [13] and increased impulsivity [14],
as well as cognitive impairment [15]. In addition to these long-term behavioral outcomes, sev-
eral short and long term brain alterations have been found, affecting neurons and glial cells,
growth factors and diverse synaptic plasticity proteins in the hippocampus, cerebral cortex and
hypothalamus of MD rats [16]. It is unclear how MD can modify these parameters since there
are numerous stressors included in the MD protocol such as lack of maternal care and nutri-
ents during the entire deprivation period, dehydration, and also a decrease of body temperature
in MD pups [17–19]. One of the most striking effects of MD is the marked reduction in circu-
lating leptin levels, not only during the maternal separation period (PND 9–10), but also sev-
eral days after (PND 13) and in the adulthood [16].
Leptin, an adipokine produced mainly by adipocytes, is a pleiotropic hormone involved in
many physiological processes such as food intake and energy balance, immune system func-
tions, reproduction, reward, stress and neurodevelopment [20–22]. Regarding this latter role,
there is a postnatal leptin surge in rodents, beginning around postnatal day (PND) 5 in males
and peaking between PND9 and 10 [23], that has been implicated in hypothalamic develop-
ment by modifying neuronal outgrowth and synaptic connectivity, as well as neurogenesis and
neuronal and glial survival [24]. Though most of the work on the physiological role of this neo-
natal leptin signaling has focused on hypothalamic development [24–27], it is likely that it has
also a crucial role on the development of other brain areas such as the hippocampus and the
frontal cortex. There is ample evidence that supports this hypothesis. The leptin receptor
(LepR) is expressed not only in the hypothalamus, but also in many other brain regions includ-
ing the cortex, amygdala, cerebellum, brain stem, substantia nigra, hippocampal CA1, CA3
areas and dentate gyrus (DG) in rodents and humans [28–30]. Leptin receptors are present on
the soma and proximal dendrites at presynaptic terminals of hippocampal neurons, as well as
on hippocampal astrocytes [31, 32], and there is good evidence indicating a neurothropic and
morphothropic role of leptin in this brain region [29, 30, 33–35]. The cortex also expresses
high levels of LepRb mRNA during development [36, 37] and leptin deficiency results in a
reduction in the number of cortical neurons born during embryonic life [38]. Leptin also
appears to influence axonal growth in the developing cortex since it causes a marked increase
in expansion of the axonal growth cone of primary cultures of embryonic cortical neurons.
Leptin is also involved in the development of non-neuronal cells in the cortex and may influ-
ence the development of oligodendroglial cells [39].
As circulating leptin levels are dramatically reduced during MD, we hypothesized that exog-
enous leptin treatment would normalize at least some of the long-term effects on the hippo-
campus and cerebral cortex, as well as some of the behavioral alterations seen in adult MD rats.
The aim of this study was to determine if a daily leptin treatment, between PND9 to PND13,
could protect from deleterious effects of MD or palliate in any way some of changes induced by
Extrahypothalamic Effects of Maternal Deprivation & Neonatal Leptin
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the MD protocol. We looked at behavioral and molecular parameters that we had previously
analyzed and that were modified by MD [40]. Notably, important sex differences have been
consistently described in relation to both the behavioral and neurobiological consequences of
MD. Indeed, sex differences have been reported from early neonatal stages (PND 13) to adult-
hood [16]; thus, we have included both males and females in this study.
Materials and Methods
Animals
Adult Wistar rats were purchased from Harlan Interfauna Ibérica S.A. (Barcelona, Spain) and
allowed to acclimate for 2 weeks before mating. One male was placed in a cage with two females
for 10 days. On the day of birth (PND0), litters were culled to eight pups per dam (four males
and four females). No cross-fostering was employed. In all experimental groups three different
litters were used to reduce the litter effect, with a total of 12 rats in each experimental group.
Rats were maintained at a constant temperature (22 ± 1°C) and humidity (50 ± 2%) in a
reversed 12-h light-dark cycle (red light on at 08:00 and white light on at 20:00) and given free
access to rat chow (commercial diet for rodents 2918; Harlan Laboratories, Madison, WI,
USA) and water.
Experiments were approved by the local Animal Ethics Committee (Animal Research Com-
mitte of the Complutense University of Madrid), and were designated and performed in com-
pliance with the Royal Decree 1201/2005, October 21, 2005 (Boletín Oficial del Estado,BOE n°
252) about protection of experimental animals, and the European Communities Council Direc-
tive of 24 November 1986 (86/609/EEC). The experiments were approved by the Animal
Research Commitee of the Complutense University, reference number of the Protocol approval
document: CA UCM 5 2012. Animals were sacrificed by decapitation
Maternal deprivation
A summary of the experimental design can be seen in Fig 1. Maternal deprivation was per-
formed as previously described [13]. Briefly, beginning at 09:00 on PND9, mothers from the
deprived group were removed and placed in a cage beside the home cage in the same room. On
PND10, mothers were returned to the cage of their respective litters. Mothers of the control lit-
ters were left undisturbed.
Leptin treatment
From PND9 until PND13 rats were injected sc with 3 mg/kg bodyweight (bw) of rat leptin
(National Hormone& Pituitary Program, Torrance, CA). This dose was chosen on the basis of
a previous study by our own group [41]. The animals received one injection per day at 9:00.
Control rats were injected with the same volume (2.5 ml/kg) of vehicle (saline + 0.1% BSA).
After all the pups of the litter were injected they were returned to their mother. All rats were
left undisturbed until they were weaned at PND22, and at this time they were separated and
placed 2 rats of the same sex and experimental group/cage. Each experimental group consisted
of 12 animals from three different litters (4 animals/litter).
Behavioral testing
All animals were submitted to the behavioral tests, and only the animals that did not fulfill the
test requirements were excluded from the statistical analyses.
Open field test (OF). The open field test (OF) was performed in a square arena (60 cm x
60 cm x 45 cm) with matte-painted metallic walls and a plastic-covered wooden floor divided
Extrahypothalamic Effects of Maternal Deprivation & Neonatal Leptin
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into 36 squares (10 cm x 10 cm) by white painted lines. On PND67 the animal’s general activity
was evaluated by video-recording (Sony DCR-DVD310E) observation as open field (OF) test.
Total ambulation (horizontal motor activity) was calculated as peripheral (by the walls) and
internal (by the squares not adjacent to the walls) line crossings. Rearing frequency (vertical
motor activity) and percentage of internal ambulation, considered as an index of emotionality
[42] and calculated as the percentage of internal ambulation refereed to total ambulation
[(internal line crossings/total line crossings) x 100], were also analyzed.
For the statistical analyses we used between 10–12 males and females per experimental
group from 3 different litters (3–4 animals/litter/experimental group). Two MDLept males and
2 CoLept females were excluded from the statistical analyses because there were some troubles
with videotape recorder.
Novel object test (NOT). The novel object test (NOT) was performed in the same appara-
tus used for OF. The test was performed as previously described [43] with some minor modifi-
cations [44]. Animals were allowed to freely explore the arena, under dim light conditions, for
5 min during 3 consecutive days (habituation period). On the test day (PND70), rats were first
exposed to two identical objects (two plastic boxes) during a 3 min training session. Rats were
then exposed, following a 4 h inter-trial interval, to one of the previously encountered objects
(familiar object, F1 or F2) and to a novel, non-familiar object (metallic colored box, N) in the
test session. Objects were not bigger than twice the size of a rat, and were located in contiguous
corners, at a distance of 10cm from the walls. For each animal, the positions of the objects were
not changed between the training and the test session. However, the objects’ positions were
changed between animals in order to avoid spatial preference.
Both training and test sessions were video recorded (Sony DCR-DVD310E), and animal’s
behavior was later evaluated by an experienced observer by means of an event-recorder
Fig 1. Experimental design diagram.
doi:10.1371/journal.pone.0137283.g001
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software (The Observer XT 11, Noldus, Wageningen, Netherlands). Time spent exploring
the objects during the two sessions was registered. Exploration of an object was considered
whenever animals pointed their nose toward an object at a maximum distance of 1 cm,
whereas turning around, climbing and/or biting the objects were not considered as explora-
tion [45]. In the test session, the discrimination index (DI) was calculated as the difference
between the time spent exploring the novel object (N) and the familiar one (F1 or F2) in rela-
tion to the total time spent exploring the objects [(N - F)/(N + F)]. Animals that explored the
two objects less than 10 s during the training and/or the test session were excluded from the
statistical analysis, as were animals that explored one of the objects less than 1 s during the
test session. Since an animal’s capacity to discriminate between the novel and the familiar
objects diminishes with time [45, 46], and in the present conditions animals explored the
objects during the first minute more than half the time spent in exploration during the whole
testing session, data from the first minute of the test session were employed for the statistical
analyses.
For the statistical analyses we used between 8–12 males and females per experimental group
from 3 different litters (3–4 animals/litter/experimental group). Two CoLept males, 1 MDVh
male, 4 MDLept males, and 2 CoLept females were excluded from the statistical analyses since
they did not fulfill the test requirements.
Elevated plus-maze (EPM). The elevated plus-maze (EPM) was formed by two open
arms (50 cm x 10 cm) and two equally sized enclosed arms with 40 cm high walls, arranged so
that the arms of the same type are opposite to each other. The junction of the four arms
formed a central square area (10 cm x 10 cm). The apparatus was made of black hard plastic
material and elevated to a height of 62 cm. On PND77, animals were allowed to freely explore
the maze for 5 min under dim red light conditions. Frequency and duration of open and
closed arm visits were separately recorded, with an arm visit being considered whenever an
animal entered it with their four limbs. Percentages of open arm entries and time spent in the
open arms were calculated as referred to total arm entries and total time in arms, respectively,
and were considered as the most relevant parameters related to anxiety. In turn, closed arm
entries were considered as an index of general motor activity [47, 48]. Animals that fall off the
EPM were not included in the statistical analysis. The animals that fall off the maze were dis-
tributed as follows: males: CoVh (3), CoLept (6), MDVh (3), MDLept (4); females: CoVh (1),
CoLept (2), MDVh (7) and MDLept (7). Although we did not record the risk taking behaviors,
we did observe that the animals that fall of the maze showed a high frequency of this type of
behaviors such as risk assessment with more than a half of the body out of the open arms
(especially MD females). Given the high frequency of these patterns, particularly in MD
females, we analyzed the frequency of falls from the EPM by a chi-squared test (see results).
As after excluding the animals fallen from the maze, in MD female groups there were no
enough animals from different litters to perform an ANCOVA, we decided to carry out this
analyses only in males.
Tissue collection
On PND90 all rats were sacrificed after a 12h fast by rapid decapitation and trunk blood was
collected in tubes and rapidly placed on ice and kept overnight at 4°. The blood was centrifuged
(3000 rpm for 15 min) and the serum collected and stored at −20° until processed and the
brain was rapidly removed. The hippocampus and frontal cortex were dissected. They were
then frozen in liquid nitrogen and stored at −80° until analyses. To avoid regional variability,
the left and right sides were alternated in both brain areas and for both protein and mRNA
determinations.
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Western Blotting
Tissue from six males and females per experimental group (2 animals/ litter/group), randomly
selected, was homogenized on ice in 300μl of radioimmunoprecipitation assay lysis buffer
(RIPA) with an EDTA-free protease inhibitor cocktail (Roche Diagnostics). After homogeniza-
tion, samples were left overnight at -80°C. The following day they were centrifuged at 14,000
rpm for 20 min at 4°C. Supernatants were transferred to a new tube and the protein concentra-
tion was estimated by Bradford protein assay.
In each assay the same amount of protein was loaded in all wells (10, 20 or 40 μg) depending
on the protein to be detected and resolved by using 8–12% SDS-acrylamide gels. After electro-
phoresis proteins were transferred to polyvinylidine difluoride (PVDF) membranes (Bio-Rad,
Hercules, CA, USA) and transfer efficiency was determined by Ponceau red dyeing. Membranes
were then blocked with Tris-buffered saline (TBS) containing 5% (w/v) bovine serum albumin
(BSA; Sigma-Aldrich, Schnelldorf, Germany) and incubated with the appropriate primary anti-
body. The antibodies employed included anti-NG2 (Sigma-Aldrich, St Louis, MO, USA), anti-
glial fibrillary acidic protein (GFAP; Sigma-Aldrich, St Louis, MO, USA), anti-PSD95 (Thermo
Scientific, Rockford, IL, USA), anti-neural cell adhesion molecule (NCAM; Millipore, Temecula,
CA, USA), anti-vimentin (Sigma-Aldrich, St. Louis, MO, USA) and anti-β actin (Thermo Scien-
tific, Cheshire, UK) were used at a concentration of 1:1000; anti-neuronal nuclei (NeuN; Milli-
pore, Temecula, CA, USA), anti-cannabinoid receptor type 1 (CB1; Sigma-Aldrich, St Louis,
MO, USA), anti-brain-derived neurotrophic factor (BDNF; Sta. Cruz biotechnology, Dallas, TX,
USA) and anti-glutamate aspartate transporter (GLAST; Alpha Diagnostic International, S.
Antonio, TX, USA) were used at a concentration of 1:500; and anti-synaptophysin (Sigma-
Aldrich, St Louis, MO, USA) was used at a concentration of 1:2000.
Membranes were subsequently washed and incubated with the corresponding secondary
antibody conjugated with peroxidase (1:2000; Pierce, Rockford, IL, USA). Bound peroxidase
activity was visualized by chemiluminescence and quantified by densitometry using an Image-
Quant LAS4000 mini TL Software (GE Healthcare Europe GmbH, Spain). All blots were rehy-
bridized with actin to normalize each sample for gel loading variability. All data are normalized
to control values on each gel.
For the statistical analyses we used between 5–6 males and females per experimental group
from 3 different litters (1–2 animals/litter/experimental group) and, in some cases, this number
of animals was adjusted to the amount of available sample.
Quantitative real-time PCR
Total RNA was extracted from the hippocampus and frontal cortex (alternating the left and
right side in both brain areas to avoid variability) of 6 males and females per experimental
group (2 animals/ litter/group), randomly selected, by using TRIzol1 Reagent (Invitrogen).
High Capacity cDNA Reverse Transcription kits (Applied Biosystems, Foster City, CA) were
used according to the manufacturer's protocol on a Peltier thermal Cycler Tetrad2 (BioRad) to
transcribe 2 μg total RNA isolated from each tissue.
Amplification of the cDNA template was performed with an ABI PRISM 7900HT sequence
Detection System (Applied Biosystems) using TaqMan Universal PCRMaster Mix (Applied
Biosystems) and TaqMan Gene Expression Assay kits for each detected gene (Applied Biosys-
tems). The commercial reference for each predesigned expression assay is as follows for each
gene measured in the hippocampus and frontal cortex: corticotropin-releasing hormone (CRH,
Rn01462137_m1), leptin receptor (LepR; Rn01433250_m1), insulin-like growth factor 1 (IGF1,
Rn99999087_m1) and insulin-like growth factor 1 receptor (IGF1R, Rn01477918_m1). Results
were normalized to actin (Rn00667869_m1) mRNA levels for both tissues.
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According to manufacturer's guidelines, the ΔΔCT method was used for relative quantifica-
tion. Statistics were performed using ΔCT values.
For the statistical analyses we used between 5–6 males and females per experimental group
from three different litters (1–2 animals/litter/experimental group). Samples that did not meet
the standards of purity and /or integrity were excluded
Leptin assay
Leptin was measured in duplicate by a multiplexed magnetic bead immunoassay kit (Millipore
Corporation), as previously described [49]. Briefly, beads conjugated to the appropriate anti-
body and serum samples (25 μl each) were incubated over night at 4°C with shaking. Wells
were washed three times using a wash buffer and antibody conjugated to biotin (50 μl) was
added. After incubation for 30 min at room temperature with shaking, beads were incubated
during 30 min with 50 μl streptavidin conjugated to phycoerythrin. Beads were analyzed in the
Bio-Plex suspension array system 200. Raw data (mean fluorescence intensity) were analyzed
using the Bio-Plex Manager Software 4.1 (Bio-Rad Laboratories). For the statistical analyses we
used 6 males and 6 females per experimental group from three different litters (2 animals/lit-
ter/experimental group), randomly selected.
Statistical analysis
In the case of the parameters measured by Western blotting or RT-qPCR, the usual criterion to
reduce litter effect in forming experimental groups, i.e., a maximum of 2 male and 2 female off-
spring from any given litter was fulfilled. Thus, for the analyses of the molecular parameters,
3-way ANOVA was used (with the 3 factors being: sex, MD and Leptin treatment), followed by
2-way ANOVA where appropriate i.e. in the presence of significant interaction between main
factors in the 3-way ANOVA. As in the behavioral tests there were more than 2 males/females
from the same litter in each experimental group, in this case we have controlled for litter effects
by performing ANCOVA analyses (including “litter” as covariate). Normality was checked by
Shapiro-Wilks’s test (p>0.05). The criterion of normally distributed data were not always met
in some populations under study and, so, when necessary, data were transformed by the Neper-
ian logarithm function, aiming to satisfy the assumption of normality for ANOVA. The Tukey
test was performed for post-hoc comparisons except when the criterion of homoscedasticity
(Levene test, p>0.05) was not met, in this case another more restrictive post-hoc comparison
test (Bonferroni test), was used to avoid a type I error. In the EPM, the frequency of events
(falls from the EPM) was analyzed with a chi-squared test. In all cases, P< 0.05 was considered
statistically significant. All statistical analyses were carried out with SPSS, version 19.0 (SPSS
Inc., Chicago, IL, USA).
Results
Behavioral testing
Main statistical results are shown in Table 1 and means ± SEMs are represented as histograms
in Figs 2 and 3.
Despite the litter significantly affected some of the behavioral parameters studied (Table 1),
the effects of our experimental factors (sex, MD, and leptin administration) remained signifi-
cant in most cases. Taken together, the significant effects here reported are confirmed since
they remain significant when correcting by the litter. The ANCOVA performed on the parame-
ters measured in the open field test revealed a significant effect of sex, with females showing
the lowest value for the percentage of internal ambulation; and the highest value for total
Extrahypothalamic Effects of Maternal Deprivation & Neonatal Leptin
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ambulation and rearing frequency. A main effect of MD on the percentage of internal ambula-
tion was found, with MD rats showing an increase in this value. Leptin treatment significantly
increased total ambulation and rearing frequency in MD rats (Fig 2).
In the elevated plus maze, where only males were analyzed by the ANCOVA (as indicated
in Material and Methods), the analysis did not reveal any significant difference among male
groups for % of open arm entries (CoVh: 52.00±6.14; CoLept: 33.38±8.39; MDVh: 45.04±3.56;
MDLept: 53.37±5.95; n = 6–9) or closed arm entries (CoVh: 9.44±0.84; CoLept: 8.17±0.75;
MDVh: 8.56±1.00; MDLept: 8.83±0.60; n = 6–9). It is worth mentioning that in this test, MD
females fall more often from the apparatus than MDmales (χ2(1) = 6.75, p<0.01), with 14 out
of 24 MD females falling from the EPM as opposed to 7 out of 22 MDmales.
In the novel object test, the analyses of the discrimination index, which indicates the work-
ing memory of the animals in the novel object test did not reveal any significant effect. A main
effect of sex on the discriminatory index (DI) was found, with females showing higher values
than males (Fig 3).
Synaptic plasticity markers. Protein levels
Main results obtained in the 3-Way ANOVA are shown in Table 2, and Fig 4 represent
mean ± SEM for the different experimental groups as well as significant differences derived
from post hoc comparisons.
NeuN. As Table 2 shows, the 3-Way ANOVA for hippocampal NeuN revealed two signifi-
cant double interactions sex x MD and MD x leptin. Two-way ANOVA split by MD revealed a
main effect of sex [F(1,18) = 7.87; p<0.05] and a double interaction between sex and leptin
treatment [F(1,18) = 15.71; p<0.005] in MD rats, without effects in Co groups. As Fig 4A
show, MDVh males tended to increase NeuN levels when compared to CoVh group (Tukey’s
post hoc, p = 0.1), and the leptin treatment reversed this trend, i.e., significantly decreased
NeuN levels of MDmales to control values (Tukey post hoc, p<0.05). Also, the figure shows a
sexual dimorphism between MDVh with females showing the lowest values (Tukey post hoc,
p<0.005).
No significant differences were found in the frontal cortex (Fig 4B)
Synaptophysin. The 3-Way revealed a significant effect of the leptin treatment as well as
significant sex MD interaction on the expression of hippocampal synaptophysin. Two-way
Table 1. Main statistical results corresponding to behavioral tests.
%internal
ambulation
(OF)
Total
ambulation
(OF)
Rearing
frequency (OF)
DI (NOT) Exploration 30
s (NOT)
%open arms
entries (EPM)
Closed arms
entries (EPM)
F1,83 p-value F1,83 p-value F1,83 p-value F1,78 p-value F1,78 p-value F1,25 p-value F1,25 p-value
Litter 9.29 <0.005 0.22 ns 4.09 <0.05 4.62 <0.05 4.88 <0.05 0.20 ns 8.03 <0.01
Sex 6.01 <0.05 15.21 <0.005 37.95 <0.005 8.78 <0.01 0.09 ns - - - -
MD 12.70 <0.005 0.31 ns 4.80 <0.05 3.48 ns 0.73 ns 0.19 ns 0.50 ns
Leptin 5.67 <0.05 0.23 ns 1.33 ns 0.40 ns 0.59 ns 2.61 ns 1.89 ns
Sex x MD 0.31 <0.05 0.05 ns 1.06 ns 0.04 ns 4.41 <0.05 - - - -
Sex x Leptin 0.27 ns 0.67 ns 0.50 ns 0.27 ns 0.03 ns - - - -
MD x Leptin 0.31 ns 8.34 <0.01 9.47 <0.005 0.53 ns 0.32 ns 0.94 ns 0.65 ns
Sex x MD x Leptin 1.97 ns 0.01 ns 0.01 ns 1.35 ns 0.71 ns - - - -
Main significant results extracted from the three-way ANCOVA (litter was considered as a covariate factor). See material and methods section for details.
doi:10.1371/journal.pone.0137283.t001
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Fig 2. Open field test. (A) Emotionality index, calculated as the percentage of internal ambulation referred to
total ambulation, (B) total ambulation and (C) rearing frequency were registered in maternally deprived (MD)
or control (Co) male and female rats treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until
PND13 (n = 10–12). Post hoc test: *<0.05.
doi:10.1371/journal.pone.0137283.g002
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ANOVA split by sex revealed a main effect of MD in males [F(1,17) = 11.14; p<0.005] and in
females [F(1,16) = 5.16; p<0.05] with MDmales showing lower levels and MD females higher
levels than their respective control groups. Post hoc comparisons (Fig 4C) only revealed a sig-
nificant decrease in MDLept males comparing with CoLept males (Tukey post hoc, p<0.05).
No main effects were found in the frontal cortex (Fig 4D). However, there was a significant
interaction between MD and leptin treatment. Two-way ANOVA split by MD revealed an
effect of leptin treatment in MD (but not in Co) animals [F(1,20) = 5.72; p<0.05] As Fig 4D
shows, MDLept animals had lower synaptophysin levels than MDVh animals.
PSD95. The 3-way ANOVA for hippocampal PSD95 levels showed a significant interac-
tion between sex and leptin. Two-way ANOVA split by sex revealed an effect of leptin treat-
ment in both sexes (males: [F(1,19) = 6.65; p<0.05]; females: [F(1,16) = 5.22; p<0.05]). As Fig
4E shows, the leptin effect had an opposite direction in males and females, i.e., in males, leptin
modestly decreased PSD95 expression whereas in females leptin increased this parameter. Post
hoc comparisons showed a significant difference between MDVh and MD Lept females
(Tukey’s post hoc, p<0.01).
Fig 3. Novel object test (NOT). (A)Discrimination index (DI) and (B) time spent in exploration of the object
during the 30 second training session of maternally deprived (MD) or control (Co) male and female rats
treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until PND13 (n = 8–12).
doi:10.1371/journal.pone.0137283.g003
Table 2. Main statistical results corresponding to synaptic plasticity markers (protein levels).
HIPPOCAMPUS NeuN Synaptophysin PSD95 NCAM(140kDa) NCAM(180kDa) BDNF CB1
F1,35 (p-value) F1,33 (p-value) F1,35 (p-value) F1,39 (p-value) F1,36 (p-value) F1,40 (p-value) F1,37 (p-value)
Sex 1.54 (ns) 0.01 (ns) 0.34 (ns) 0.61 (ns) 5.84 (<0.05) 0.06 (ns) 6.36 (<0.05)
MD 0.04 (ns) 0.25 (ns) 3.47 (ns) 0.12 (ns) 0.04 (ns) 0.11 (ns) 0.09 (ns)
Leptin 0.14 (ns) 5.02 (<0.05) 0.31 (ns) 4.12 (<0.05) 1.07 (ns) 0.05 (ns) 1.24 (ns)
Sex x MD 5.36 (<0.05) 15.38 (<0.005) 0.12 (ns) 2.67 (ns) 0.01 (ns) 0.18 (ns) 7.87 (<0.01)
Sex x Leptin 14.84 (<0.005) 0.22 (ns) 11.61 (<0.005) 0.45 (ns) 0.07 (ns) 0.30 (ns) 9.81 (<0.005)
MD x Leptin 2.01 (ns) 2.68 (ns) 2.17 (ns) 0.51 (ns) 0.03 (ns) 0.01 (ns) 0.53 (ns)
Sex x MD x Leptin 1.37 (ns) 0.61 (ns) 2.55 (ns) 0.03 (ns) 0.63 (ns) 1.01 (ns) 0.10 (ns)
FRONTAL CORTEX F1,40 (p-value) F1,40 (p-value) F1,34 (p-value) F1,37 (p-value) F1,35 (p-value) F1,35 (p-value) F1,40 (p-value)
Sex 2.63 (ns) 2.76 (ns) 0.31 (ns) 9.55 (<0.005) 1.10 (ns) 3.89 (ns) 2.03 (ns)
MD 0.46 (ns) 0.97 (ns) 0.41 (ns) 2.50 (ns) 3.48 (ns) 0.01 (ns) 3.25 (ns)
Leptin 0.20 (ns) 0.98 (ns) 3.31 (ns) 17.58 (<0.005) 17.71 (<0.005) 0.52 (ns) 4.96 (<0.05)
Sex x MD 0.95 (ns) 0.15 (ns) 0.94 (ns) 0.55 (ns) 0.18 (ns) 0.06 (ns) 0.03 (ns)
Sex x Leptin 0.59 (ns) 1.32 (ns) 11.76 (<0.005) 4.03 (ns) 0.89 (ns) 0.08 (ns) 0.35 (ns)
MD x Leptin 1.48 (ns) 4.20 (<0.05) 0.01 (ns) 4.64 (<0.05) 0.32 (ns) 0.07 (ns) 3.40 (ns)
Sex x MD x Leptin 0.48 (ns) 0.01 (ns) 0.14 (ns) 0.17 (ns) 0.85 (ns) 0.14 (ns) 0.13 (ns)
Main significant results extracted from the three-way ANOVA. See material and methods section for details.
doi:10.1371/journal.pone.0137283.t002
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Fig 4. Protein levels in the hippocampus (left column) and frontal cortex (right column) of NeuN (A &
B), synaptophysin (C & D), PSD95 (E & F), NCAM (G & H) and CB1 receptor (I & J) in maternally
deprived (MD) or control (Co) male and female rats treated with leptin (Lept) or vehicle (Vh) from
postnatal day (PND) 9 until PND13 (n = 5–6). Representative western blotting immunoassays of each
protein from tissue homogenates of each brain area are presented above each histogram. Post hoc test:
*<0.05, **<0.01, ***<0.005.
doi:10.1371/journal.pone.0137283.g004
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The results obtained for frontal cortex were similar to those of hippocampus. The 3-Way
ANOVA revealed a significant sex x leptin interaction and the 2-Way ANOVA split by sex
revealed a significant effect of leptin [F(1,17) = 9.92; p<0.05] only in females. As Fig 4F shows,
as in hippocampus, MD females treated with leptin showed the highest PSD95 levels.
NCAM. The 3-Way ANOVA for the two forms of NCAM in the hippocampus (Fig 4G)
revealed a significant effect of leptin for 140 kDa NCAM expression, with leptin treated ani-
mals showing a decreased expression of this protein. In the case of 180 kDa NACM, a main
effect of sex was observed with females showing higher values than males (Fig 4G).
In the frontal cortex (Fig 4H) a significant effect of leptin was found for both isoforms, so
that animals exposed to leptin during the neonatal period showed significantly increased expres-
sion of the two proteins. A general effect of sex was found for NCAM 140 kDa, with females
showing significantly higher levels than males. Also, in this isoform (NCAM 140 kDa) there was
a main effect of MD and a significant MD x leptin interaction. The Two-way ANOVA split by
MD revealed an effect of leptin treatment (an increase in protein expression) only in MD but
not in control animals [F(1,18) = 19.71; p<0.005]. Post hoc comparisons showed a significant
difference between MDLept and MDVh females (Tukey’s post hoc, p<0.005).
BDNF. The analysis of BDNF expression in the hippocampus [Males (CoVh: 100.0±9.2;
CoLept: 92.7±12.1; MDVh: 87.9±5.3; MDLept: 94.6±10.8) and Females (CoVh: 93.1±10.5;
CoLept: 97.1±4.6; MDVh: 100.3±9.9; MDLept: 91.1±10.9)] and in the frontal cortex [Males
(CoVh: 100.0±15.1; CoLept: 105.3±14.8; MDVh: 102.3±14.1; MDLept: 105.6±4.2) and Females
(CoVh: 122.6±17.7; CoLept: 126.1±6.0; MDVh: 112.8±16.3; MDLept: 128.8±15.6)] did not
reveal any significant difference.
CB1 cannabinoid receptor. The 3-Way ANOVA for hippocampal CB1 receptor expres-
sion revealed a main effect of sex and, as Fig 4I shows, there was a sex difference between
MDVh, males and females, with females showing the higher values (Tukey’s post hoc, p<0.05).
The 3-Way ANOVA also revealed significant interactions between sex and MD and sex and
leptin. Two-way ANOVA split by sex revealed main effects of MD [F(1,17) = 4.67; p<0.05]
and leptin treatment [F(1,17) = 8.69; p<0.01] only in females, and post hoc comparisons
showed a significant difference between CoVh and Co Lept (Tukey´s post hoc test, p<0.05),
with these latter females showing the lowest values (Fig 4I).
In the frontal cortex, the 3-Way ANOVA only revealed a main effect of leptin, with this
effect being observable only in control non deprived animals (Fig 4J).
In summary, in the parameters described in this section, the hippocampus appeared to be
more susceptible to the effects of the treatments than the frontal cortex and the vast majority of
the effects were sex-dependent. Hippocampal NeuN, synaptophysin and CB1 were affected by
both MD and leptin, whereas PDD95 and NCAM were mainly affected by the neonatal leptin
treatment. In the frontal cortex the parameter most affected by the treatment was NCAM.
mRNA levels
Main results obtained in the 3-Way ANOVA are shown in Table 3 and Fig 5 represent
mean ± SEM for the different experimental groups as well as significant differences derived
from post hoc comparisons.
IGF1 and IGF1R. The 3-Way ANOVA for IGF1 mRNA levels in the hippocampus
revealed main effect of sex and MD as well as a significant triple interaction sex x MD x. As Fig
5A MD significantly increased the expression of IGF1 mRNA in males (Bonferroni’s pot hoc,
p<0.005) and the neonatal leptin treatment reversed this effect (Bonferroni’s pot hoc,
p<0.005). The analyses of IGF1R mRNA levels in the hippocampus revealed main effects of
sex and leptin treatment, as well as a triple interaction sex x MD x leptin. As Fig 5B shows, MD
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tended to increase IGF1R mRNA levels in males (Tukey’s post hoc, p = 0.057), whereas the lep-
tin treatment counteracted this trend (Tukey’s post hoc, p<0.005).
In the frontal cortex, the 3-Way ANOVA for IGF1 mRNA levels revealed a main effect of
MD and significant interactions between sex x MD and MD x leptin treatment. Two-way
ANOVA split by sex showed a significant effect of MD effect in males [F(1,17) = 8.05; p<0.05]
and a significant effect of leptin treatment in females [F(1,18) = 8.84; p<0.01]. As Fig 6A
shows, MD decreased IGF1 mRNA expression in control non deprived males while females
exposed neonatally to leptin showed increased IGF1 mRNA levels. The analyses of IGF1R
Table 3. Main statistical results corresponding to mRNA levels.
HIPPOCAMPUS IGF1 IGF1R CRH LepR
F1,37 (p-value) F1,34 (p-value) F1,37 (p-value) F1,39 (p-value)
Sex 8.66 (<0.01) 8.24 (<0.01) 9.63 (<0.005) 3.14 (ns)
MD 4.91 (<0.05) 1.97 (ns) 2.14 (ns) 1.23 (ns)
Leptin 1.53 (ns) 15.17 (<0.005) 8.45 (<0.01) 2.74 (ns)
Sex x MD 0.01 (ns) 1.97 (ns) 3.23 (ns) 0.05 (ns)
Sex x Leptin 0.01 (ns) 2.40 (ns) 1.60 (ns) 0.58 (ns)
MD x Leptin 1.28 (ns) 2.51 (ns) 2.60 (ns) 0.68 (ns)
Sex x MD x Leptin 14.59 (<0.005) 5.40 (<0.05) 3.33 (ns) 5.69 (<0.05)
FRONTAL CORTEX F1,35 (p-value) F1,36 (p-value) F1,38 (p-value) F1,34 (p-value)
Sex 2.30 (ns) 2.18 (ns) 1.04 (ns) 3.21 (ns)
MD 5.95 (<0.05) 11.20 (<0.005) 14.16 (<0.005) 0.35 (ns)
Leptin 0.93 (ns) 0.29 (ns) 0.01 (ns) 5.41 (<0.05)
Sex x MD 3.59 (ns) 0.26 (ns) 0.36 (ns) 0.01 (ns)
Sex x Leptin 8.45 (<0.01) 3.42 (ns) 1.74 (ns) 1.52 (ns)
MD x Leptin 4.10 (<0.05) 13.10 (<0.005) 1.21 (ns) 0.04 (ns)
Sex x MD x Leptin 1.10 (ns) 0.02 (ns) 0.44 (ns) 1.77 (ns)
Main significant results extracted from the three-way ANOVA. See material and methods section for details.
doi:10.1371/journal.pone.0137283.t003
Fig 5. Expression levels in the hippocampus and frontal cortex of the mRNAs encoding insulin-like growth factor 1 (IGF1) (A), IGF1 receptor
(IGF1R) (B), corticotropin-releasing hormone (CRH) (C) and leptin receptor (LepR) (D) in maternally deprived (MD) or control (Co) male and female
rats treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until PND13 (n = 5–6). Post hoc test: ***p<0.005.
doi:10.1371/journal.pone.0137283.g005
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Fig 6. Protein levels in the hippocampus (left column) and frontal cortex (right column) of GFAP (A & B), vimentin (C & D), NG2 (E & F) and GLAST
(G & H) in maternally deprived (MD) or control (Co) male and female rats treated with leptin (Lept) or vehicle (Vh) from postnatal day (PND) 9 until
PND13 (n = 5–6). Representative western blotting immunoassays of problem protein from tissue homogenates of each brain area are presented above each
histogram. Post hoc test: *<0.05, **<0.01, ***<0.005.
doi:10.1371/journal.pone.0137283.g006
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mRNA levels in the frontal cortex rendered a main effect of MD and a significant interaction
between MD and leptin. Two-Way ANOVA split by leptin confirmed that the effect of MD
was only significant in the groups treated with vehicle [F(1,20) = 5.06; p<0.05] and not in
those receiving the neonatal leptin treatment (Fig 5B)
CRH. The 3-Way ANOVA for hippocampal CRH mRNA levels revealed significant main
effects of sex and leptin treatment. As a whole, females showed lower CRH mRNA levels than
males and the leptin treatment decreased CRHmRNA levels except in MD females (Fig 5C).
As for the frontal cortex, a main effect of MD was found. As Fig 5C shows, MD animals had
lower values than control non deprived ones.
Leptin receptor. The 3-Way ANOVA for hippocampal leptin receptor (LepR) mRNA
showed a triple interaction between sex, MD and leptin treatment but the Bonferroni’ post hoc
and Two-way ANOVA split by sex did not reveal any significant effect. In the frontal cortex a
main effect of the leptin treatment was found. As Fig 5D shows, leptin treated animals showed
increased levels of mRNA LeptR expression, except CoVh animals.
In summary, in the Hippocampus, leptin treatment reversed the effect of MD which
increased the levels of IGF1 mRNA in males. In frontal cortex MD decreased IGF1 mRNA and
this effect was not reversed by leptin. The pattern of changes of IGF1 was similar to those of
IGF1R within each region. In the hippocampus, leptin treatment decreased CRHmRNA
expression, whereas in the frontal cortex, MD diminished this parameter. In the frontal cortex,
leptin treatment increased leptin receptor mRNA levels
Protein levels of glial markers
Main results obtained in the 3-Way ANOVA are shown in Table 4 and Fig 6 represent
mean ± SEM for the different experimental groups as well as significant differences derived
from post hoc comparisons.
GFAP. The 3-Way ANOVA showed a significant triple interaction sex x MD x leptin for
hippocampal GFAP protein expression. As Fig 6A shows, MD decreased GFAP levels in males
(Tukey’s post-hoc, p<0.05) whereas the leptin treatment tended to reverse this effect.
In the frontal cortex, the 3-Way ANOVA showed main effect of sex and MD and the three
double interactions were also significant. Two-way ANOVA split by sex revealed an interaction
between MD and leptin [F(1,18) = 13.84; p<0.005] in males. As Fig 6B shows, MD significantly
decreased GFAP levels in this sex (Tukey’s pot-hoc, p<0.05), whereas the leptin treatment
counteracted this effect (Tukey’s pot-hoc, p<0.005). In females, a MD effect was found [F
(1,18) = 10.65; p<0.005], with MD females showing decreased GFAP levels.
Vimentin. The 3-Way ANOVA for hippocampal vimentin expression revealed the follow-
ing significant interactions: sex x MD, MD x leptin treatment and sex x MD x leptin. As Fig 6C
shows, MD significantly reduced vimentin levels in females (Tukey’s post hoc, p<0.05)
whereas the neonatal leptin treatment reversed this effect (Tukey’s post hoc, p<0.05).
The results were similar in the frontal cortex where 3-Way ANOVA showed significant
double interactions sex x MD and MD x leptin. Two-way ANOVA split by sex revealed a MD
effect [F(1,19) = 12.31; p<0.005] and a double interaction between MD and leptin [F(1,19) =
5.01; p<0.05] in females. As Fig 6D shows, MD significantly reduced vimentin expression in
females (Tukey’s post hoc, p<0.005), whereas leptin attenuated this effect.
NG2. The 3-Way ANOVA for hippocampal NG2 levels showed main effects of sex
(females higher expression than males) and leptin treatment as well as a double interaction
between sex and MD. According to this interaction, the 2-Way ANOVA split by sex revealed
opposite effects MD in both sexes, a decrease of NG2 levels in males [F(1,20) = 5.86; p<0.05]
and an increase in females [F(1,19) = 4.71; p<0.05]. In turn, an effect of the neonatal leptin
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treatment was found only in males, with treated animals showing an increase on NG2 levels [F
(1,20) = 6.31; p<0.05]. As Fig 6E shows, there was a sexual dimorphism in MD animals since
MDVh females and MDLept females have higher levels than MDVh (Tukey’s post hoc,
p<0.01) and MDLeptin males (Tukey’s post hoc, p<0.005), respectively.
In the frontal cortex, the analysis of NG2 levels revealed a significant triple interaction sex x
MD x leptin, as well as two significant double interactions sex x MD and MD x leptin. Fig 6F
shows sexual dimorphisms among CoVh and MD Vh animals (Tukey’s post hoc, p<0.05 in
both cases). The most interesting result is the effect of MD in females (decreasing NG2 levels)
(Tukey’s post hoc, p<0.005) and the fact that leptin treatment attenuated this effect.
Glutamatergic receptor. The 3-Way ANOVA performed on the hippocampal levels of
GLAST (Fig 6G). only revealed a significant sex x leptin interaction, and the 2-Way ANOVA
split by leptin revealed a sex effect [F(1,20) = 6.50; p<0.05] in Vh but not leptin treated groups
(females Vh showed higher levels than males Vh). In the frontal cortex, the 3-Way ANOVA
revealed a significant interaction between sex and MD. Two-way ANOVA split by sex revealed
that, in males, MD increased GLAST expression [F(1,20) = 5.99; p<0.05] whereas neonatal lep-
tin attenuated this effect. On the other hand, MD induced a decrease in GLAST expression in
the frontal cortex of females [F(1,20) = 5.29; p<0.05] and this effect was not attenuated by the
leptin treatments (see Fig 6H for post hoc significant differences).
In summary, once more the effects observed on glial markers and GLAST were sex depen-
dent. In both regions GFAP expression was decreased by MD in males and this effect was either
reversed or attenuated by the neonatal leptin treatment, similar changes were found for vimen-
tin and NG2, but in these cases in females. Cortical GLAST expression was differently affected
in males and females.
Leptin levels
The 3-Way ANOVA for leptin levels showed a significant effect of sex [F(1,40) = 6.27;
p<0.05]. Males: CoVh: 4.05±0.87; CoLeptin:3.16±0.76; MDVh:2.99±0.65; MDLeptin:2.88
Table 4. Main statistical results corresponding to glial markers (protein levels).
HIPPOCAMPUS GFAP Vimentin NG2 GLAST
F1,36 (p-value) F1,36 (p-value) F1,39 (p-value) F1,40 (p-value)
Sex 0.69 (ns) 0.74 (ns) 31.02 (<0.005) 2.76 (ns)
MD 0.01 (ns) 0.20 (ns) 0.11 (ns) 3.12 (ns)
Leptin 0.53 (ns) 0.13 (ns) 5.96 (<0.05) 0.03 (ns)
Sex x MD 0.42 (ns) 26.86 (<0.005) 10.26 (<0.005) 0.34 (ns)
Sex x Leptin 0.81 (ns) 0.51 (ns) 0.30 (ns) 4.83 (<0.05)
MD x Leptin 2.18 (ns) 5.92 (<0.05) 0.05 (ns) 1.63 (ns)
Sex x MD x Leptin 4.86 (<0.05) 9.79 (<0.005) 0.02 (ns) 0.01 (ns)
FRONTAL CORTEX F1,36 (p-value) F1,37 (p-value) F1,35 (p-value) F1,40 (p-value)
Sex 6.17 (<0.05) 0.08 (ns) 0.63 (ns) 1.80 (ns)
MD 8.57 (<0.01) 2.23 (ns) 2.56 (ns) 0.38 (ns)
Leptin 0.95 (ns) 1.29 (ns) 0.03 (ns) 0.07 (ns)
Sex x MD 4.64 (<0.05) 6.08 (<0.05) 13.50 (<0.005) 9.26 (<0.005)
Sex x Leptin 4.16 (<0.05) 0.20 (ns) 0.42 (ns) 1.70 (ns)
MD x Leptin 8.67 (<0.01) 5.77 (<0.05) 6.65 (<0.05) 2.38 (ns)
Sex x MD x Leptin 2.98 (ns) 0.02 (ns) 5.09 (<0.05) 2.03 (ns)
Main significant results extracted from the three-way ANOVA. See material and methods section for details.
doi:10.1371/journal.pone.0137283.t004
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±0.64. Females: CoVh:1.93±0.23; CoLeptin:2.12±0.29; MDVh:2.44±0.56; MDLeptin:1.65±0.31.
N = 6 in all groups
Discussion
The main results of this study can be summarized as follows: 1) MD females appeared to show
an increased impulsivity or reduce “fear” 2) As opposed to previous studies, MD did not cause
a deficit in working memory, 3) Neonatal leptin treatment reversed or attenuated the effects of
MD in some of the parameters analyzed (e.g., mRNA expression of hippocampal IGF1 and
IGF1R and protein expression of GFAP and vimentin) partially confirming our hypothesis; 4)
The neonatal leptin treatment exerted a number of behavioral and neural effects that, in some
cases, differently affected MD and control non MD animals (e.g., rearing frequency, expression
of the following proteins: NeuN, PSD95, NCAM, CB1, NG2 and mRNA expression of IGF1
and IGF1R, CRH and LeptR); and 5) The vast majority of the effects caused by the treatments
appeared to be sex and region-dependent.
Leptin signalling during the neonatal leptin surge, which peaks approximately at PND 9–10,
has been shown to play a crucial role in the development of neuroendocrine circuits involved
in metabolic control, particularly in the hypothalamus [50]. Leptin receptors are highly
expressed in extra-hypothalamic brain regions and evidence is growing to indicate that leptin
can regulate hippocampal synaptic function and influence many central processes including
cognition. Moreover, several animal studies using adult leptin administration, as well as
human studies, suggest that leptin is involved in the regulation of emotional behavior and neu-
ropsychiatric disorders [34, 51]. In spite of these findings, there is scarce information about the
programming effects of the neonatal leptin surge on the development of hippocampus and
frontal cortex that are highly relevant for emotional control and cognitive function.
During the last years we have shown that rats deprived from their mothers during 24 h at
PND 9 (coincident with the physiological leptin surge), MD animals, show a marked reduction
in their leptin levels not only during the period of maternal separation but also afterwards,
until PND 13 and even in the adulthood [26, 27]. These MD rats also show alterations in their
developing hippocampus and frontal cortex, as well as behavioural modifications affecting
their emotional status and cognitive function [16]. We hypothesised that the lack of appropri-
ate neonatal leptin signalling in these MD animals could contribute to their neurodevelopmen-
tal alterations. To test this hypothesis, we have treated male and female animals with leptin
during the critical days for leptin’s organizational effects (PND 9–13) and analysed their behav-
iour, hippocampus and cerebral cortex in the adulthood.
Behavioral tests
In the open field, MD caused an increase in the percentage of internal ambulation in females
which indicates a decreased “fear” for the open spaces (an anxiolytic-like effect). In the elevated
plus maze, these same animals (MD females) showed an abnormally increased falls from the
maze, and this occurred because these animals displayed a marked risk-taking behavior (such
as rearing in open arms and peer into the void with more than half of the body outside the
maze). It is known that leptin plays a role in depression- and anxiety- related behaviors. Indeed,
administration of leptin (1 mg/kg ip) in adult rats [52] and mice [53] produces an antidepres-
sant effect. In addition, there is evidence that leptin has anxiolytic-like properties, which can be
observed in social interactions of mice after acute leptin administration [53]. The results
reported here indicate that early modification of leptin levels might have long term emotional
effects, which emphasizes the neuroprogramming effect of neonatal leptin signaling outside of
the hypothalamus. In the open field test, leptin treatment increased the total ambulation and
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rearing frequency only in MD rats; thus, in this case MD appears to be a factor of vulnerability
for the effect of leptin. There was a clear sexual dimorphism in these behavioral responses,
since females showed more motor and exploratory activity than males, a finding that is in
agreement with most of the literature (46–48).
Regarding cognition, no effect of MD was found in the novel object test. However, we have
previously reported that both, adolescent MD (14) and adult MD animals [12] have a decreased
discrimination index in this test, i.e., an impaired memory function. It is important to point out
that the animals used in this study were injected several days during the neonatal critical period
and this manipulation may have somehow protected the MD animals from the above men-
tioned changes. For example, neonatal handling, could have induced some resilience to the neg-
ative impact the MD protocols by increasing the quality and quantity of maternal care once the
pups are returned to their mothers after the injection (handling) protocol [54]. In previous stud-
ies [18], we found that licking-grooming frequency was increased by MD during PND10 (after
returning the pups to the dam). This is important because it has been proposed that an increase
in maternal care may buffer or compensate the negative consequences of long mother/pup sepa-
rations [55]. However, we have seen in many previous studies that the effects of this particular
MD protocol are present [40], therefore, it is very likely that, in the present study, the absence of
some of the effects of MD is rather attributable to the stress of injections. In this test a sexual
dimorphism was found with females showing a greater discrimination index than males.
Protein levels of synaptic plasticity markers
MD has been reported to notably affect several molecules implicated in synapses formation
and stabilization [16]. In this study we found two significant interactions, i. e., sex x MD and
sex x leptin, affecting hippocampal NeuN (MD increased the expression of this protein in
males) and hippocampal synaptophysin, with MDmales showing lower levels and MD females
showing higher levels than their respective control groups. In a previous study on adolescent
rats of both sexes, we found that MD decreased the expression of plasticity markers in the hip-
pocampus and frontal cortex, including NeuN, BDNF, PSD95, synaptophysin and NCAM lev-
els, and caused impaired recognition memory in the novel object test (NOT) [15]. We also
previously found that adult MD animals showed impaired memory and changes in markers of
synaptic plasticity in the hippocampus (mRNA levels of BDNF and synaptophysin) [12].
Moreover, a decrease in BDNF (mRNA and protein levels) was described in the hippocampal
formation of adult male MD animals, although BDNF abnormalities exclusively appeared after
weaning (PND21) [56]. Thus, we believe that, as previously indicated, the manipulation (daily
injections from PND9 to PND 13) may have masked some of the potential MD effects, for
example the lack of effect on BDNF in the present MD rats may be related with the lack of
effect on their memory function. This interpretation is supported by the lack of effects of MD
on leptin levels since in previous studies where early neonatal injections were not performed,
we observed that MD diminished leptin levels in adulthood [12, 25]. However, as in previous
studies, we did find, as expected, a sexual dimorphism [12, 25], with males having higher leptin
levels than females.
Interestingly, we also observed several sex dependent effects of the neonatal leptin treatment
on the above mentioned neural and synaptic plasticity markers. In particular leptin treated
females showed an increase of NeuN expression in their hippocampus. This result is in agree-
ment with previous in vivo and in vitro studies showing that leptin stimulates adult neurogen-
esis through direct receptor activation on newly formed neurons in the hippocampus and
hypothalamus [57] and that leptin deficiency (ob/ob or db/db models) provokes neurodegen-
eration in frontal cortex and hippocampus. Leptin treated females also showed a significant
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decrease in hippocampal CB1 receptors expression. General effects of leptin consisting in a
reduction of hippocampal synaptophysin and NCAM (140 KDa) levels, were also found, which
together suggests decreased synapses possibly due to impaired synaptogenesis. On the other
hand, in the cortex leptin increased PSD95 in females and NCAM and CB1 in both sexes. It is
likely that, at least in relation to some of the parameters analyzed, the dose of leptin used has
resulted in an excess of leptin during the neonatal period leading to disruption of synaptogen-
esis which manifests as an altered profile of synaptic plasticity markers in adulthood. The
nature of these changes is mainly sex dependent, possibly reflecting differential temporal and/
or functional developmental profiles in males and females. In general, leptin tended to decrease
the parameters analyzed in hippocampus and increase them in the frontal cortex.
Given the increasing interest in the study of endocannabinoid system, it is worth emphasiz-
ing the importance of the CB1 cannabinoid receptor in the context of this study. The CB1
receptor is crucial for brain development and synaptic plasticity, as well as for the regulation
and response to stress. We have repeatedly found clear short and long-term effects of MD on
several components of the endocannabinoid system, including the CB1 receptor [16]. Under
the present conditions, we observed modest effects of MD on hippocampal CB1 protein
expression, but the neonatal leptin treatment significantly decreased CB1 expression in the hip-
pocampus of females and increased cortical CB1 expression in both sexes. The relationship
between leptin and the endocannabinoid system has been mainly analyzed in the context of
energy homeostasis and in the hypothalamus [58]. Less is known regarding cannabinoid-leptin
interactions in extra-hypothalamic areas, but given the pleiotrophic nature of both systems, it
is very likely that they are involved in functions beyond energy homeostasis. Our results indi-
cate that a deregulation of the postnatal leptin surge, due to a deficiency or an excess, has a
long-term effect on the expression of CB1 receptor.
mRNA expression of gens related with leptin and stress
The IGF system plays a central role in brain development and plasticity [59, 60] and one of its
effects in the brain is to protect neurons from apoptosis [60]. In fact, we have shown in previ-
ous studies how MDmodulates mRNA levels of IGF1 and its receptor in the hypothalamus
[26]. For this reason, we studied this parameter here. Moreover, leptin modulates cell prolifera-
tion and differentiation [61], so we expected to find an effect of the neonatal leptin treatment.
The expression of mRNA for IGF1 and its receptor increased in the hippocampus of MDVh
males and neonatal leptin reversed these effects, whereas no effects of MD were found in Vh
females in this area. In contrast, in the frontal cortex, MDVh males had a decreased expression
of cortical IGF1 and IGF1R and these effects were not reversed by leptin. Thus, both, the effect
of MD and the ability of leptin to reverse the effect of this neonatal stress is sex dependent.
Leptin tended to decrease the expression of mRNA for IGF1 and its receptor, with the
exception of the frontal cortex in females. IGF-1 has been described as a potential biomarker
for mood disorders [62] and, as indicated above, leptin has also been implicated in anxiety and
depression related responses [34]; thus, it is possible that leptin and IGF-1 interact in the regu-
lation of central nervous system functions.
One of the striking characteristics of prolonged maternal separation is the profound activa-
tion of the HPA. Down-regulation of CRHmRNA has been observed in mice exposed during 8
h to maternal separation, an effect which suggests direct modulation of the neonatal HPA axis
[63]. Here we found that MD induced a long-term decrease in CRH mRNA levels in the frontal
cortex of vehicle treated males and females. We found that this MD protocol markedly
increases the levels of corticosterone (CORT) and this is evident at both PND10 and PND 13
[64]. It is plausible that this marked surge of CORT in this critical neonatal period programs
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HPA functioning. However, we cannot rule out that the neonatal Vh injections have changed
the corticosterone response in MD rats. The neonatal leptin treatment induced a long-term
decrease in hippocampal CRHmRNA levels in control non MD animals of both sexes and in
MDmales. Leptin feeds back to the hypothalamus to inhibit CRH release [34], so it is possible
that it acts in a similar way in other brain regions. In the hippocampus of females the combina-
tion of MD and leptin treatment tended to normalize CRH mRNA levels, suggesting a complex
interaction between the two treatments.
Finally, neonatal leptin treatment induced a long term effect on leptin receptor mRNA expres-
sion increasing this parameter in males and females (with the exception of control Vh males).
Protein levels of glial markers
Leptin plays an important role in glial development [38, 39, 65] and we have previously found
that MD also affects glial cells development [16]. Under the present experimental conditions,
the expression of the astrocyte marker GFAP decreased in both brain regions in MDmales and
in the frontal cortex of females. Leptin treatment reversed the MD effects in males, but not in
females. The other astrocyte marker analyzed, vimentin, was also decreased in the hippocam-
pus and frontal cortex of MD females, and in these cases (especially in the hippocampus) neo-
natal leptin treatment reversed this effect. As early stress induces cell death [66], in view of the
decrease in glial markers, it is plausible that MDmight have induced glial death. On the other
hand, leptin is implicated in brain progenitor cell proliferation and astrocyte differentiation in
the hypothalamus [67]. Moreover, astrocytic and neuronal leptin signaling interacts with each
other in the execution of normal and pathophysiological functions in extrahypothalamic brain
areas such as the hippocampus and frontal cortex [68]. The present data point to an efficient
protective effect of the leptin treatment in MD animals and suggest a clear interaction between
both MD and neonatal leptin exposure. The potential clinical utility of leptin through its mod-
ulation of neuron-glia interaction remains to be determined.
MD females also showed decreased expression of the oligodendrocyte precursor NG2 in
their frontal cortex, with this effect being partially counteracted by neonatal leptin. In line with
this finding, an increase in the rate of cell death, mostly of oligodendrocytes in white matter
tracts, was observed by Zhang et al. (2002) following a similar protocol of early life stress (MD
at PND 11). There was also a clear sex difference in the frontal cortex between the CoVh
groups, with females showing higher levels of NG2.
GLAST expression is altered in pathological conditions, such as hypoxia/ischemia, multiple
sclerosis, schizophrenia and epilepsy. In general, activity of this glutamate transporter is con-
sidered to be responsible for termination of glutamatergic transmission and for the prevention
of excitotoxic damage [69]. Stress leads to glutamate release in the hippocampus [70], and
over-activation can put the neuron at risk of excitotoxicity [71, 72]. Pickering et al. (2006)
found an increase in GLAST expression in the hippocampus of MDmales (360 min of daily
maternal deprivation during PND1-21). Here we show an increase in GLAST protein expres-
sion in the frontal cortex of MDmales that tended to be compensated by the neonatal leptin
treatment, whereas the opposite was found in females, i.e., a modest decrease in GLAST frontal
cortex expression in all MD females. Since GLAST is found mainly in astrocytes and other glial
cells [73, 74], this decrease of GLAST expression in MD females might be related to their
diminished expression of the markers of glial cells.
Conclusions
In summary, in some but not all of the parameters analyzed, the neonatal leptin treatment
reversed the effects of MD, partially confirming our hypothesis. In those cases where the leptin
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treatment did not reverse the effects of MD, the reason might be that MD is a complex neonatal
stress involving not only a marked decrease of leptin levels, but also an increase in corticoste-
rone and a decrease in glucose levels [40]. In fact, MD involves lack of social contact with the
mother, lack of milk ingestion, dehydration and hypothermia, all of which could be involved in
the long-term consequences.
We found that some of the previously observed effects of this neonatal stress were not
found this study. We propose that the stress of the injections administered during the critical
neonatal period may have exerted a protective effect (or could have changed the “baseline” in
the controls). This hypothesis opens new questions regarding the interaction of different
manipulations or events during early life.
The neonatal leptin treatment, per se, exerted a number of effects on synaptic plasticity
markers. The data support the hypothesis that the neonatal leptin surge plays an important
role in the development of extrahypotalamic areas and that an adequate leptin level, avoiding
both excess and deficiency, appears to be necessary for its correct neuroprograming effect.
These concepts may have clinical implications and deserve to be studied further in the future
[34]. A potential clinical application of leptin should evaluate the optimal level required
depending on the age and sex of the individual and should also consider that the effect of leptin
may be region dependent.
The data presented revealed diverse sexual dimorphisms that are probably due to the orga-
nizational effects of perinatal gonadal hormones during a critical period of brain sexual differ-
entiation [75, 76], and/or to their organizational effects and the activation they produce during
the peri-adolescent period [77, 78]. Another complementary factor that may contribute to the
sex differences observed is the different neurodevelopmental stage of males and females at the
ages when the treatments are performed [79].
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Capítulo 6: La separación materna altera de un modo sexo-dimórfico 
la respuesta a una dieta rica en grasas 
En este último experimento, elegimos un “desafío metabólico”, en concreto una dieta 
alta en grasa (HFD, del inglés high fat diet), para observar la respuesta metabólica a 
largo plazo de animales sometidos al protocolo de SM.  
El espectacular aumento en la tasa de obesidad durante las últimas décadas ha sido 
atribuido en gran parte a cambios en el estilo de vida (una menor actividad física y una 
mayor ingesta energética). Además, hay que tener en cuenta que influencias ambientales 
tempranas, como pueden ser modificaciones dietéticas o diversos estresores, pueden 
afectar a la respuesta del individuo adulto a una dieta empobrecida, modulando la 
posibilidad de convertirse en obeso, siendo algunos de estos efectos a largo plazo 
dependientes del sexo (Boullu-Ciocca et al, 2008, Plagemann et al, 2009, Glavas et al, 
2010, Fuente-Martin et al, 2012a). El protocolo de SM, que implica una restricción 
calórica, deshidratación y estrés tanto térmico como social, puede tener efectos 
duraderos en diversos sistemas y funciones, incluyendo al metabolismo (Viveros et al, 
2010a, Viveros et al, 2010b, Llorente et al, 2011, Llorente-Berzal et al, 2012, Maniam 
& Morris, 2012), tales como disminución de peso y de los niveles de leptina circulante, 
no solo a corto plazo sino también a largo plazo en ratas con una dieta normal (Llorente 
et al, 2007, Viveros et al, 2010b). Sin embargo, hay poca información disponible sobre 
cómo estos animales pueden responder a desafíos metabólicos en edades posteriores y 
hasta la edad adulta. Una de las causas principales de obesidad es el aumento en la 
ingesta de alimentos con alto contenido en grasa. Se sabe que este tipo de ingesta 
provoca inflamación a nivel hipotalámico y se piensa que dicha inflamación está 
involucrada en  el desarrollo de resistencia a leptina e insulina, dando como resultado un 
aumento en la ganancia de peso y complicaciones secundarias (Milanski et al, 2012, 
 - 248 - 
 
      Bloque 2 
Thaler et al, 2012). En este estudio nos propusimos determinar la ganancia de peso y la 
respuesta metabólica a una HFD en ratas SM, analizando en estos animales la 
asociación entre la ganancia de peso y marcadores de inflamación hipotalámica además 
de las posibles diferencias sexuales.  
 
 
 
Diseño experimental 4: Para este experimento fueron criadas ratas de la cepa Wistar de ambos 
sexos. Consideramos el día de nacimiento como día postnatal DPN0. En el DPN9 a las 9.00 h se 
separó a la madre durante 24 h de sus crías. En el DPN22 se procedió al destete y se introdujo la 
dieta control (10% grasa; D12450B) o rica en grasas (45% grasa; D12451), además de 
comenzar el control diario de peso e ingesta. Los días 35, 45, 65 y 85 a las 9.00 h se llevó a 
cabo la extracción de sangre de la cola del animal. En el DPN102 los animales fueron 
sacrificados por decapitación tras 12 h de ayuno, se recogió sangre del tronco y se diseccionó el 
cerebro para la extracción del hipotálamo. El tejido se congeló en nitrógeno líquido y se 
conservó a -80º hasta su procesamiento. El experimento constó de 8 grupos experimentales 
(machos control con dieta control, machos control con dieta rica en grasas, machos separados 
con dieta control, machos separados con dieta rica en grasas, hembras control con dieta control, 
hembras control con dieta rica en grasas, hembras separadas con dieta control, hembras 
separadas con dieta rica en grasas) con una n de 12 animales por grupo experimental. 
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Resultados principales y conclusiones parciales 
En este estudio observamos que ratas SM sometidas a una dieta normal presentaban una 
disminución en la ingesta y esto podría explicar, en parte, la disminución en ganancia de 
peso. Sin embargo, durante la última parte de este estudio, la cantidad de energía media 
diaria consumida por las hembras SM ya no era significativamente diferente de sus 
controles, aunque continuaron ganando menos peso, lo que apunta a la implicación de 
otros factores. La disminución de ingesta no se asoció a cambios en los niveles de 
ARNm para neuropéptidos orexigénicos y anorexigénicos hipotalámicos, lo que 
concuerda con resultados previos (Viveros et al, 2010a). Aunque la SM disminuyó a 
largo plazo la ganancia de peso en los animales sometidos a una dieta normal, tanto el 
aumento de peso inducido por la HFD, como el incremento en la ingesta de Kcal, fueron 
mayores en estos animales que en los controles con la HFD. Los niveles de leptina 
circulante de los animales separados SM con la HFD aumentaron significativamente a 
partir del DPN35 en los dos sexos, mientras que en los machos control, este aumento no 
se observó hasta el DPN85 y en las hembras control, la HFD no tuvo ningún efecto 
sobre los niveles de leptina. Es posible que se haya visto alterada la sensibilidad central 
a la leptina ya que las ratas SM HFD siguen incrementando su ingesta a pesar del 
aumento de los niveles de leptina circulantes.  
Para comprobar el funcionamiento de la ruta de señalización de leptina en el hipotálamo 
de estos animales, analizamos los niveles de ARNm para la molécula SOCS3, proteína 
inhibitoria de la ruta de señalización de leptina ya que inhibe a modo de feedback 
negativo la fosforilación de STAT3 (factor de transcripción fosforilado por el receptor 
de leptina activo) (Lubis et al, 2008). En machos, los niveles de SOCS3  no se vieron 
afectados ni por la SM ni por la HFD, mientras que en hembras solo se observaron 
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cambios en el grupo SM donde la HFD aumentó los niveles de SOCS3. Esto podría 
sugerir que las hembras son más susceptibles a desarrollar resistencia a la leptina y 
posibles complicaciones secundarias en respuesta a estos factores ya que un aumento en 
los niveles de SOCS3 es indicativo de que la señalización de esta hormona no está 
funcionando correctamente. Sin embargo, esto no se ha reflejado en los parámetros 
sistémicos medidos en este estudio, ya que en este grupo no se observa un aumento 
exacerbado en los niveles de leptina o de insulina, ni un incremento en el índice de 
resistencia a insulina (IR-HOMA).  
La HFD aumentó los niveles de ARNm para las citokinas inflamatorias IL1β y TNFα en 
el hipotálamo de ratas SM pero no en los controles. En los machos, la HFD aumentó los 
niveles de leptina, siendo este aumento mayor en los machos SM. Esto podría indicar 
que la SM predispone a los animales a incrementar la ganancia de peso bajo una HFD y 
a desarrollar más rápidamente alteraciones secundarias de carácter inflamatorio. Por 
otro lado en las hembras SM, la HFD disminuyó los niveles de ARNm para 
neuropéptido orexigénicos y aumentó los niveles de los anorexigénicos, pudiendo estas 
modificaciones estar relacionadas con el aumento en los niveles sistémicos de leptina en 
este grupo experimental. 
Las ratas sometidas a HFD, tanto controles como SM, presentaban menores niveles 
circulantes de triglicéridos a DPN102 en comparación con las ratas sometidas a una 
dieta normal. Estos resultados llaman la atención puesto que lo esperado sería encontrar 
niveles elevados ya que la dieta es rica en triglicéridos, pero no hay que olvidar que 
estos animales estuvieron 12 h de ayuno antes del sacrificio, por lo que la modificación 
metabólica causada por la dieta a lo largo del experimento podría haber generado una 
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respuesta diferencial al ayuno y de ahí estos resultado (Frier et al, 2011). Por otro lado, 
dichos niveles no se vieron modificados ni por el factor sexo ni por la SM per se. 
En resumen podemos decir que algunos de los efectos provocados por la SM, como son 
los niveles reducidos de leptina en ambos sexos (en todas las edades analizadas), y de 
glucosa, insulina y triglicéridos en las hembras (DPN35) se atenuaron al suministrar una 
HFD. Por otro lado otros efectos metabólicos, como la ingesta o la ganancia de peso, se 
vieron exacerbados en los grupos SM HFD, ya que no solo aumentaron si no que 
superaron los niveles del grupo control con una dieta normal. Las diferentes respuestas 
metabólicas a la separación materna y a la dieta según el sexo del animal están en 
concordancia con resultados previos de respuestas metabólicas a un estrés o a un 
cambio nutricional en la edad temprana (Garcia-Caceres et al, 2010, Viveros et al, 
2010a, Viveros et al, 2010b, Fuente-Martin et al, 2012b) y a la HFD en adultos 
(Amengual-Cladera et al, 2012, Nadal-Casellas et al, 2012) donde se observaron 
respuestas sexo-dimórficas. Estos conceptos deberían tenerse en cuenta no sólo a la hora 
de interpretar resultados experimentales sino también en la búsqueda de tratamientos 
más efectivos para la obesidad y sus complicaciones secundarias.
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Maternal deprivation (MD) during neonatal life has diverse long-term effects, including affectation of metabolism. Indeed,
MD for 24 hours during the neonatal period reduces body weight throughout life when the animals are maintained on
a normal diet. However, little information is available regarding how this early stress affects the response to increased
metabolic challenges during postnatal life. We hypothesized that MD modifies the response to a high fat diet (HFD) and that
this response differs between males and females. To address this question, both male and female Wistar rats were
maternally deprived for 24 hours starting on the morning of postnatal day (PND) 9. Upon weaning on PND22 half of each
group received a control diet (CD) and the other half HFD. MD rats of both sexes had significantly reduced accumulated
food intake and weight gain compared to controls when raised on the CD. In contrast, when maintained on a HFD energy
intake and weight gain did not differ between control and MD rats of either sex. However, high fat intake induced
hyperleptinemia in MD rats as early as PND35, but not until PND85 in control males and control females did not become
hyperleptinemic on the HFD even at PND102. High fat intake stimulated hypothalamic inflammatory markers in both male
and female rats that had been exposed to MD, but not in controls. Reduced insulin sensitivity was observed only in MD
males on the HFD. These results indicate that MD modifies the metabolic response to HFD intake, with this response being
different between males and females. Thus, the development of obesity and secondary complications in response to high
fat intake depends on numerous factors.
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Introduction
Studies investigating the long-term effects of the early de-
velopmental environment on health and well-being have increased
dramatically in recent years. As a result the relationship between
early events such as stress, illness, infection, nutrition or
pharmacological treatments and the propensity towards a vast
number of diseases has become apparent [1–5]. Moreover, these
long-term responses to developmental perturbations often differ
between males and females, which may partially explain the
difference between the sexes in the prevalence of some diseases
[1,5–10].
The dramatic rise in obesity during the past decades has been
largely attributed to changes in lifestyle, with less physical activity
and increased energy intake contributing greatly to this phenom-
enon. In addition, early environmental influences including both
dietary modifications and diverse stresses can affect the response to
a poor diet in later life, thus modulating the possibility of becoming
obese and with many of these long-term effects being sexually
dimorphic [10–14]. Maternal deprivation (MD), which in some
cases induces extended food restriction, as well as dehydration and
thermal and psychological stress, can have long-lasting effects on
diverse systems and functions, including metabolism [9,15–19].
Indeed, MD for 24 hours decreases body weight and circulating
leptin levels in rats on a normal laboratory diet, with this effect
being both age and sex dependent [6,16]. However, little
information is available regarding how these animals respond to
metabolic challenges later in life.
Increased intake of high fat content foods is indicated as one of
the main causes of obesity, as well as the secondary complications
associated with weight gain. High fat intake is reported to induce
hypothalamic inflammation and this inflammation is thought to be
involved in the development of insulin and leptin resistance,
resulting in further weight gain and secondary complications [20–
22]. Thus, in this study we aimed to determine the weight gain and
metabolic responses of MD rats to a high fat diet (HFD)
introduced at the time of weaning, comparing the responses
between males and females. In addition, association of weight gain
with hypothalamic inflammatory processes was analyzed.
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Materials and Methods
Ethics Statement
These studies were approved by the ethics committee of the
Universidad Complutense de Madrid and complied with the
Royal Decree 1201/2005 (BOE nu 252) pertaining to the
protection of experimental animals and with the European
Communities Council Directive (86/609/EEC). Special care was
taken to reduce animal suffering and to use the minimum number
of animals for all studies.
Animals
Adult Wistar rats were purchased from Harlan Interfauna
Ibe´rica S.A. (Barcelona, Spain) and allowed to acclimate for 2
weeks before mating. One male was placed in a cage with two
females for 10 days. On the day of birth litters were culled to eight
pups per dam (four males and four females), with no cross-
fostering employed. In all experimental groups at least three
different litters were used to reduce the litter effect, with a total of
12 rats in each experimental group.
Rats were maintained at a constant temperature (2261uC) and
humidity (5062%) in a reversed 12-h light-dark cycle (red light on
at 0:800 and white light on at 20:00). Pregnant rats were given free
access to rat chow (commercial diet for rodents A03; Safe, Augy,
France) and water.
Maternal Deprivation
Maternal deprivation was performed as previously described
[6]. Briefly, beginning at 09:00 on postnatal day (PND) 9, mothers
from the deprived group were removed and placed in a cage
beside the home cage in the same room. On PND10 at 09:00,
mothers were returned to the cage of their respective litters.
Mothers of the control litters were left undisturbed. All rats were
left undisturbed until weaning at PND22 at which time 4 rats of
the same sex and experimental group were placed in each cage.
Half of each group received either a HFD (45% fat; D12451,
Research Diets, New Brunswick, NJ, USA) or a control diet CD
(10% fat; D12450B, Research Diets) and allowed to eat ad libitum.
Body weight and food intake were monitored daily until PND101.
Food intake was measured by placing a known amount of food in
each cage and measuring the remaining amount at the same time
the next day. This was then divided by the number of animals/
cage, with statistics being performed using this value (n = the
number of cages/experimental group).
This resulted in the following experimental groups in both sexes:
control, CD (CtCD), control HFD (CtHF), maternally deprived
CD (MDCD), and maternally deprived HFD (MDHF). Post-
pubertal female rats were sacrificed randomly throughout the
estrous cycle at the stipulated ages.
Non-fasting blood samples were collected from the tail vein at
PNDs 35, 45, 65 and 85. On PND102 all rats were sacrificed after
a 12h fast by rapid decapitation and trunk blood was collected in
tubes containing EDTA (0.5 M) and rapidly placed on ice. The
blood was centrifuged (3000 rpm for 15 min) and the plasma
collected and stored at 280u until processed. The brain was
rapidly removed and the hypothalamus dissected. It was then
frozen in liquid nitrogen and stored at 280u until processed.
A schematic representation of the experimental design and
tissue sample collection is shown in Figure 1.
Plasma Insulin, Leptin, Glucose and Triglyceride
Measurements
Plasma leptin levels were measured by using B-bridge mouse/
rat leptin ELISA kits (Cupertino, CA, USA) and insulin with
Mercodia rat insulin ELISA kits (Uppsala, Sweden) following the
manufacturers’ instructions. For insulin the sensitivity of the assay
was 0.07 mg/ml with an inter- and intra-assay variation of 3.3%
and 2%, respectively. The assay sensitivity for the leptin assay was
0.5 ng/ml with an inter-assay variation 6.5% and intra-assay
variation of 3.7%. All samples were run in duplicate.
Plasma glucose and total triglycerides were measured by using
commercial kits (RANDOX, Antrin, UK) according to the
Figure 1. Experimental design. Animals were deprived from their mother during 24h at postnatal day (PND) 9. From weaning (PND 22) and
throughout the study rats received either a control or a high fat diet. Body weight and food intake were monitored daily. At PNDs 35, 45, 65 and 85
blood samples were obtained from the tail vein. At PND 102 animals were sacrificed after a 12 h fasting period, trunk blood was collected and the
hypothalamus was dissected-out and rapidly frozen.
doi:10.1371/journal.pone.0048915.g001
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manufacturer’s instructions. Briefly, to measure triglycerides
plasma was incubated with the commercial solution containing
lipoprotein lipase, glycerol kinase, glycerol-3-oxidase, peroxidase,
4 aminophenazone and ATP for 5 minutes at 37uC under
agitation. The resulting color was detected at 500 nm in
a spectrophotometer and compared to a standard curve. Glucose
levels were determined by incubating the samples with the
commercial solution containing peroxidase, 4-aminofenazone
and glucose oxidase for 10 min at 37uC under agitation and the
results determine as described above.
The homeostasis model assessment (HOMA) index was used to
access insulin sensitivity at PND102. This was calculated by using
the formula: HOMA-IR = [Glucose (mmol/l) x insulin (mU/
ml)]/22.5.
Quantitative Real-time PCR
Total RNA was extracted from each hypothalamus with
TRIzolH Reagent (Invitrogen). High Capacity cDNA Reverse
Transcription kits (Applied Biosystems, Foster City, CA) were used
according to the manufacturer’s protocol on a Peltier thermal
Cycler Tetrad2 (BioRad) to transcribe 2 mg total RNA isolated
from each individual hypothalamus. Amplification of the cDNA
template was performed with an ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems) using TaqMan Universal
PCR Master Mix (Applied Biosystems) and TaqMan Gene
Expression Assay kits for each detected gene (Applied Biosystems).
The commercial reference for each predesigned expression assay is
as follows for each gene measured in the hypothalamus:
neuropeptide Y (NPY, Rn01410145), proopiomelanocortin
(POMC; Rn00595020), Agouti-related peptide (AgRP;
Rn014311703), cocaine and amphetamine-regulated transcript
(CART; Rn00567382), interleukin (IL)-1b (Rn00580432), IL-6
(Rn01410330), TNF-a (Rn01525859), leptin receptor (LepR;
Rn01433250), suppressor of cytokine signaling 3 (SOCS3;
Rn00585674) and glial fibrillary acidic protein (GFAP;
Rn00566603). Results were normalized to 18S (Rn01428915)
mRNA levels in all samples. According to manufacturer’s
guidelines, the DDCT method was used for relative quantification.
Statistics were performed using DDCT values.
Statistical Analysis
Body weight gain and food intake were analyzed by three-way
analysis of variance (ANOVA) with the factors being sex (males
and females), MD (maternal non deprived and deprived rats) and
diet (control or HF), with repeated measures. Three-way ANOVA
was used to analyze results when tissue from males and females
were processed simultaneously (hormone assays), followed by two-
way and one-way ANOVAs when appropriate. Two-way
ANOVAs were employed when samples from males and females
were processed separately (e.g., RT-PCR). Scheffe’s F test was used
for post-hoc comparisons. Simple regression analysis was per-
formed to determine the relationship between circulating meta-
bolic factors and body weight and weight gain. The level of
significance was chosen as p,0.05. All results are reported as
mean 6 SEM. In the figures only physiologically relevant
comparisons are demonstrated. Although weight gain and food
intake over time were analyzed simultaneously in both sexes, the
results are represented in separate figures to facilitate interpreta-
tion.
Results
Weight Gain and Food Intake
Weight gain over time depended on sex (p,0.0001) and diet
(p,0.0001), with interactions between sex and diet (p,0.0001)
and MD and diet (p,0.0001). In males weight gain was affected
by MD (p,0.005) and diet (p,0.0001) with an interaction
between these two factors (p,0.01; Fig. 2A). Similar effects were
found in females [MD (p,0.0001), diet (p,0.005), MD x diet
(p,0.01; Fig. 2B)].
This resulted in total weight gain also being affected by sex
(p,0.0001) and diet (p,0.0001) with the effect of diet being
influenced by sex (p,0.0001) and MD (p,0.005). Males gained
more weight than females in all corresponding groups (p,0.0001;
Fig. 2C). After weaning, male MD rats gained less weight than
their controls, but MD females did not. All rats consuming HFD
gained more weight than their controls (Fig. 2C). Mean weight
gain was increased by HFD by approximately 16% in control
males, 33% in MD males, 10% in control females and 20% in MD
females compared to their appropriate controls on a normal diet.
The final weights at sacrifice were affected by sex (p,0.0002),
MD (p,0.05) and diet (p,0.0001) with interactions between sex
and diet (p,0.0001) and MD and diet (p,0.002). Although
control females gained significantly more weight on the HFD than
on the CD, this was not reflected in their final weight. Likewise,
MD did not affect post-weaning weight gain in females, but the
final weight remained less due to the difference in starting weight
when they were weaned. Both sex (p,0.0001) and diet (p,0.02)
affected Kcal intake over time. In males (Fig. 3A) MD rats ate less
than controls with this being significant at specific time-points.
During the first day on the HFD (PND23) Ct and MD rats of both
sexes ate considerably more than their controls (Figs. 3A and 3B).
Until approximately PND45 no difference in Kcal intake was
found between Ct and MD rats on the HFD, but afterwards MD
males ate significantly more Kcal than their controls. In control
males the increase in Kcal intake on the HFD diet occurred at
a later age. On the control diet, MD females ate significantly less
than their controls at various time-points. Subsequent to the first
day, HFD did not affect Kcal intake in control females, whereas in
MD females it increased Kcal intake compared to their controls at
specific time-points.
Total accumulated Kcal intake throughout the study (Fig. 3C)
was influenced by sex (p,0.0001), MD (p,0.05) and type of diet
(p,0.0001). Males ate more than females in all corresponding
groups (p,0.0001). On a normal diet MD males (p,0.0005) and
females (p,0.001) ate fewer Kcals than their controls. In contrast,
HFD increased total Kcals consumed in all groups with no effect
of MD on this parameter.
Serum Metabolic Factors
Levels of distinct metabolic factors at PNDs 35, 45, 65 and 85
are shown in Table 1. Levels at sacrifice are shown in Figure 4.
Glycemia. At PND35 glycemia was affected by sex, MD and
diet (p,0.02). While in males glycemia was unaffected, in females
there was an interaction between MD and diet (p,0.004). MD
Figure 2. Body weight gain from the time of weaning (day 22 of age) until day 101 of life in males (A) and females (B). Total weight
gain from the time of weaning until day 101 of life (C). CtCD: controls on a control diet; CtHF: controls on a high fat diet from weaning onward;
MDCD: maternally deprived rats on a control diet; MDHF: maternally deprived rats on a HFD from weaning onward. Significant differences: a: CtCD vs
MDCD; b: CtCD vs CtHF; c: CtHF vs MDHF; d: MDCD vs MDHF. *** = ANOVA p,0.0001.
doi:10.1371/journal.pone.0048915.g002
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females had lower glycemia than controls and HFD increased
glucose levels in female MD rats (p,0.02).
Glycemia was not affected by any of the experimental factors at
PNDs 45 or 65. At PND85 HFD induced higher glycemia in
control males compared to control females (p,0.04).
At sacrifice fasting glycemia was unaffected (males CtCD:
123.4611.6, CtHF: 134.268.6, MDCD: 124.468.6, MDHF:
124.367.8; females CtCD: 132.069.8, CtHF: 122.667.5,
MDCD: 127.965.7, MDHF: 118.965.5 mg/dl).
Insulin. There were no effects of any of the factors on insulin
levels at PND35. At PND45 there was an effect of sex (p,0.0001)
and diet (p,0.02), with an interaction between MD and diet
(p,0.03). Males had higher insulin levels than females in all
groups (p,0.0001) except controls on the HFD. In males insulin
levels were affected by diet (p,0.03) with an interaction between
MD and diet (p,0.04). HFD decreased insulin levels in control,
but not MD males (p,0.03). At this age insulin levels in females
were unaffected by MD or HFD intake.
At PND 65 insulin levels were affected by sex (p,0.0001), with
males having higher levels than females in all groups (p,0.0001).
Diet also affected insulin levels (p,0.0004), with HFD decreasing
them in control males (p,0.05). In females insulin levels were
affected by MD (p,0.05), decreasing them in rats on the control
diet (p,0.002), and diet (p,0.0005) with HFD decreasing insulin
levels in both control and MD females.
At PND85 insulin levels were affected by sex (p,0.0001), with
levels being lower in females of all groups, and MD (p,0.02), with
MD reducing insulin levels in males on a control diet (p,0.05).
At sacrifice serum insulin levels were affected by sex (p,0.0001)
with males continuing to have higher levels than females in all
corresponding groups (males CtCD: 2.760.2, CtHF: 2.660.3,
MDCD: 2.360.3, MDHF: 4.060.9; females CtCD: 1.260.2,
CtHF: 0.860.1, MDCD: 1.360.2, MDHF 1.360.3 ng/ml;
p,0.0001). There was no effect of MD or diet.
HOMA-IR. There was an effect of sex (p,0.0001) on
HOMA-IR at sacrifice (Fig. 4A), with males having a higher
index in all corresponding groups (p,0.0001). Consumption of
HFD increased the HOMA index in MD males, but not in any
other group.
Triglycerides. At PND35 triglyceride levels were affected by
MD (p,0.03), resulting in a significant reduction in females on
a control diet. At PND45 triglyceride levels were modified by sex
(p,0.0001) with males having higher levels in all corresponding
group (p,0.0001), except for controls on a control diet.
There was no effect of any factor on triglyceride levels at
PND65. At PND85 control males had higher triglycerides than
females in response to the HFD (p,0.04).
At sacrifice triglyceride levels (Fig. 4B) were affected by diet
(p,0.0001), decreasing in response to HFD in all groups
(p,0.0005).
Leptin. At PND35 leptin levels were affected by MD
(p,0.0001), with an interaction between MD and diet
(p,0.005). MD rats of both sexes on a normal diet had decreased
leptin levels (p,0.0001) and HFD increased leptin only in MD
rats.
At PND45 leptin levels were influenced by MD (p,0.0001) and
diet (p,0.0005) with interactions between sex and diet (p,0.05)
and MD and diet (p,0.0002). Leptin levels were decreased in MD
rats on a normal diet (p,0.0001). HFD increased leptin levels only
in MD rats, with this increase being greater in males than in
females.
At PND65 leptin levels continued to be affected by sex
(p,0.0001) and diet (p,0.005), with interactions between sex
and diet (p,0.04) and MD and diet (p,0.005). Males had higher
levels than females in all groups (p,0.0001). On the control diet
MD rats continued to have lower levels than their controls and
HFD significantly increased leptin levels only in MD males.
At PND85 leptin levels were affected by sex (p,0.0001) and diet
(p,0.0001), with interactions between sex and diet (p,0.0004)
and MD and diet (p,0.003). Males had higher levels than females
and MD rats continued to have lower levels than their controls
(p,0.0001). In males HFD increased leptin levels in both controls
and MD rats, while in females this increase was only seen in MD
rats.
At sacrifice circulating leptin levels (Fig. 4C) were affected by
sex (p,0.0001) and diet (p,0.0001), with interactions between sex
and diet (p,0.0001), MD and diet (p,0.004) and sex, MD and
diet (p,0.04). Levels were higher in males (p,0.0001) and MD
rats on a control diet had decreased leptin levels. In males HFD
increased leptin levels in both controls and MD rats, with this rise
from control levels being greater in MD rats on the HFD. In
females the increase due to HFD was only significant in MD rats.
Regression analysis. Insulin levels were significantly corre-
lated with weight gain from weaning until the end of the study (R:
0.721; p,0.0001) and final weight (R: 0.733; p,0.0001). Leptin
levels were also correlated with accumulated weight gain (R:
0.757; p,0.0001) and final weight (R: 0.759; p,0.0001). There
was no relationship between weight gain or body weight with
glycemia or triglyceride levels.
Hypothalamic Gene Expression
Hypothalamic NPY mRNA levels were not affected by any of
the experimental treatments in males (Fig. 5A), while HFD
decreased them in female MD rats (p,0.03; Fig. 5B).
There was no effect of either MD or diet on AgRP mRNA levels
in males (Fig. 5C), but in females they were affected by diet
(p,0.006; Fig. 5D), with HFD decreasing AgRP in MD females
(p,0.03).
In both males (p,0.03) and females (p,0.01) POMC levels
were modified by diet (Fig. 5E and F, respectively). HFD increased
POMC mRNA levels in all groups but this was only significant in
control males and MD females.
Hypothalamic CART mRNA levels were affected by diet in
males (p,0.02; Fig. 5G) and females (p,0.008; Fig. 5H), with
HFD inducing CART levels in control males and MD males and
females.
No effect on hypothalamic LepR levels was found (males CtCD:
10068.9, CtHF: 92.9610.1, MDCD: 97.1617.2, MDHF:
123.0612.1%; females CtCD: 10069.2, CtHFD: 100.466.8,
MDCD: 111.869.5, MDHF: 123.166.1%).
In males IL-1b levels (Fig. 6A) were influenced by diet
(p,0.005) with an interaction between MD and diet
(p,0.0007). HFD increased hypothalamic IL-1b levels in MD
males, but not in controls. In females there was also an interaction
between MD and diet (p,0.03), with HFD increasing IL-1b levels
in MD females (Fig. 6B).
Figure 3. Kilocalorie intake from the time of weaning (day 22 of age) until day 101 of life in males (A) and females (B). Total kilocalorie
intake throughout the study (C). CtCD: controls on a control diet; CtHF: controls on a high fat diet from weaning onward; MDCD: maternally deprived
rats on a control diet; MDHF: maternally deprived rats on a HFD from weaning onward. Significant differences: a: CtCD vs MDCD; b: CtCD vs CtHF; c:
CtHF vs MDHF; d: MDCD vs MDHF. *** = ANOVA p,0.0001.
doi:10.1371/journal.pone.0048915.g003
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Hypothalamic IL-6 levels were unaffected in males (Fig. 6C)
and increased by MD in females (p,0.0008; Fig. 6D), with this
being significant in MD females on the HFD (p,0.04).
There was an interaction between MD and diet on TNF-
a mRNA levels in males (p,0.02), with HFD decreasing them in
controls and increasing them in MD rats (Fig. 6E). In females there
was an effect of diet (p,0.05) with an interaction between MD and
diet (p,0.05), as HFD increased TNF-a mRNA levels in MD
females and had no effect in control females (Fig. 6F).
In males there was an interaction between MD and diet on
GFAP mRNA levels (p,0.05), with HFD decreasing GFAP levels
in controls and increase them in MD males, but these changes
were not significant individually (CtCD: 10069.5, CtHF:
77.965.1; MDCD: 67.366.0; MDHF: 81.569.8%). In females
there was no effect of any treatment (CtCD: 100610.1, CtHF:
110.0610.3; MDCD: 102.2614.0; MDHF: 123.266.0%).
There was no effect of any treatment on SOCS3 mRNA levels
in males (Fig. 6G). In females HFD increased SOCS3 levels in MD
rats (p,0.004; Fig. 6H).
Discussion
Body weight and the propensity to become obese are de-
termined by the interaction of an individual’s genetic make-up
with environmental influences, including energy intake, dietary
composition and energy expenditure, but also early environmental
events. It is clear that prenatal and early postnatal occurrences
such as stress, dietary inadequacies or hormonal modifications can
have long-term implications in metabolism, modifying body
weight and the response to later metabolic challenges [1–
5,8,10,17,18]. We have previously reported that MD for 24 hours
starting on PND9 reduces body weight and circulating leptin levels
in a sex- and time-dependent manner [6,15,16], with the MD-
induced weight reduction no longer being significant in early
adulthood. Here we found this difference to persist at all stages,
becoming more pronounced with advancing age in both males
and females. One possible explanation for these differences is that
the effect of MD on body weight is less pronounced in early
adulthood such that a smaller sample size or even a slight increase
in variability could result in no significant differences in some
studies. Indeed, although in our previous study [16] the reduction
in body weight did not reach significance in early adulthood,
circulating leptin levels were significantly decreased. This suggests
that these animals were metabolically affected. Furthermore, here
we show that this early environmental assault renders these
animals more susceptible to some of the negative effects of high fat
intake.
The total energy consumed throughout the study by male MD
rats on normal rat chow was significantly less than in control rats,
which most likely contributes to their decreased weight gain. In
Figure 4. Mean HOMA index (A) and serum triglyceride (B) and leptin (C) levels at the time of sacrifice. CtCD: controls on a control diet;
CtHF: controls on a high fat diet from weaning onward; MDCD: maternally deprived rats on a control diet; MDHF: maternally deprived rats on a HFD
from weaning onward. *** = ANOVA p,0.0001., ** = ANOVA p,0.0005. NS = not significant.
doi:10.1371/journal.pone.0048915.g004
Table 1. Serum levels of glucose (n = 10), insulin (n = 5), triglycerides (n = 11–12) and leptin (n = 12) at 35, 45, 65 and 85 days of
age.
Age Males Females
CtCD CtHF MDCD MDHF CtCD CtHF MDCD MDHF
Glycemia
(mg/dl)
35 147.169.8 152.1610.1 150.569.5 140.9613.4 138.369.1 124.869.2 d 105.6610.1a,da,d 154.2613.1 b,c
45 160.0614.3 157.969.1 151.069.8 146.267.7 134.8613.6 148.1616.7 142.9612.3 136.266.4
65 137.3612.1 148.566.3 146.667.4 144.164.8 156.565.4 147.869.8 144.8613.0 131.968.4
85 136.069.8 146.665.5 122.468.2 117.369.3 129.565.4 130.466.5 d 126.466.1 124.168.1
Insulin
(ng/ml)
35 2.060.3 2.060.3 1.960.3 1.560.3 2.560.4 1.760.5 1.260.1 1.860.4
45 7.960.5 4.060.8 a 5.360.6 a 5.261.2 a 3.760.5 d 2.960.2 3.260.4 d 3.160.7 d
65 7.860.3 5.360.8 a 6.360.9 5.460.8 4.460.4 d 2.560.3 a,d 3.360.4 d 2.060.4 b,d
85 12.761.1 10.661.9 7.661.3 a 8.362.1 4.360.9 d 2.760.4 d 2.960.5 d 2.760.4 d
Triglyce-rides
(mg/dl)
35 135.1613.2 103.9624.7 93.1624.5 93.6620.5 112.3616.4 68.0616.3 59.3614.8 a 76.9613.5
45 143.4614.8 140.9629.8 172.068.6 144.4628.9 101.9612.0 73.1612.5 d 100.1616.4 d 78.0610.5 d
65 157.1615.2 215.8643.0 137.5617.5 150.1628.5 169.8621.3 224.5640.6 205.1640.2 97.9623.4
85 162.1621.2 301.7639.2 197.0638.7 157.5629.0 177.7620.4 135.2616.5 d 190.9645.2 151.4635.7
Leptin
(ng/ml)
35 6.560.4 6.560.8 4.060.4 a 6.160.8 b 7.260.6 6.061.0 2.660.5 a 4.860.7 b
45 8.060.7 8.360.7 4.060.4 a 9.560.9 b 8.860.7 8.261.0 4.360.5 a 6.560.7 b,d
65 15.660.7 17.361.3 11.360.9 a 19.262.5 b 12.760.8 d 11.361.3 d 8.560.9 a,d 11.561.4 d
85 21.561.3 28.862.4 a 14.061.4 a 34.463.9 a,b 12.660.7 d 14.661.7 d 9.0160.6 a,d 14.761.0 b,d
CtCD: controls on a control diet; CtHF: controls on a high fat diet from weaning onward; MDCD: maternally deprived rats on a control diet; MDHF: maternally deprived
rats on a HFD from weaning onward. a: different from CtCD of same sex; b: different from MDCD of same sex; c: different from CtHF of same sex; d: different from males
of same treatment.
doi:10.1371/journal.pone.0048915.t001
Metabolic Effects of Maternal Deprivation
PLOS ONE | www.plosone.org 8 November 2012 | Volume 7 | Issue 11 | e48915 
-260-
Figure 5. Hypothalamic mRNA levels of neuropeptide Y (NPY; A & B), Agouti related peptide (AgRP; C & D), proopiomelanocortin
(POMC; E & F) and cocaine- and amphetamine regulated transcript (CART; G & H) in male (left column) and female (right column)
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contrast, during the last half of the study the mean daily energy
consumption by MD females on normal chow was no longer
different from their controls although they continued to gain less
weight; thus, other mechanisms must be involved. This could
include increased energy expenditure, but MD did not modify
hypothalamic mRNA levels of orexigenic or anorexigeneic
neuropeptides in either sex. This is in agreement with previous
results where we found no effect of MD on hypothalamic mRNA
levels of POMC, CART, NPY or AgRP levels at different post-
natal ages [16].
It is conceivable that there are differences in the organization
and functioning of the neurocircuits controlling appetite and
metabolism that are not reflected in overall mRNA levels of these
neuropeptides. MD affects hypothalamic cell-turnover, neuro-
trophic factors and markers of neuronal maturation during the
separation period and up to 3 days later [15,16], suggesting
modifications in hypothalamic development. These changes could
result from the decline in glycemia and circulating leptin levels
and/or the rise in corticosterone observed in pups during the
separation period [15]. Indeed, modifications in neonatal leptin
levels induce long-term changes in metabolism [23–26] due, at
least in part, to leptin’s neurotrophic effects on metabolic circuits
[27–29]. Administration of a leptin antagonist at PND9, the age at
which MD is induced here, results in hypothalamic changes at
PND13 with females being more affected than males [30]. This
pharmacological reduction in leptin’s actions neonatally is also
associated with reduced weight gain in adult males [26]. Thus, the
decline in leptin during MD probably induces some of the long-
term metabolic effects reported here, but other factors are also
likely to be involved. During MD pups not only experience food
restriction and dehydration, but also thermal and psychological
stress, all of which will contribute to the various metabolic,
behavioral and psychological outcomes observed in this experi-
mental model [31]. In humans maternal care during early stages of
life is also associated with long-term consequences, including
behavioral and metabolic outcomes [32–34], further emphasizing
the importance of early life experiences.
The appearance of some long-term consequences of MD
depends on the type of diet to which individuals are exposed.
We found that weight gain and total Kcal intake were decreased in
MD rats on a normal diet, but when exposed to a HFD the mean
Kcal intake of these rats was not different from controls and their
body weight increased to control levels. HFD has also been shown
to reduce some psychological and behavioral effects of MD
[17,18], suggesting that HFD-induced modifications in behavior,
stress and anxiety could also be involved in the observed changes
in metabolism and weight gain.
In addition to decreasing leptin levels throughout development
[6,16] MD modified the HFD-induced changes in this metabolic
hormone. Leptin levels rose significantly with HFD intake and
weight gain as early as PND35 in MD rats of both sexes, while in
control males they were not increased until PND85 and in control
females leptin did not rise significantly even at PND102. Leptin
levels were highly correlated with both accumulated weight gain
and body weight, as previously reported for both sexes [35]. Not
only do post-pubertal male rats have higher leptin levels than
females, as seen here, but males are reported to have a greater
relative increase in leptin concentrations per increase in body fat
than do females [35,36]. This, in conjunction with the relatively
small rise in body weight in control females induced by HFD,
could explain why no significant increase in leptin was found in
these female rats.
In spite of the rapid rise in circulating leptin levels in response to
HFD, MD rats continued to have increased energy intake. This
suggests that central leptin sensitivity may be altered, although
there was no effect of either MD or HFD on hypothalamic LepR
mRNA levels, in agreement with earlier studies [16]. In contrast,
during the period of maternal separation hypothalamic LepR
mRNA levels are increased [15]. As hypothalamic metabolic
circuits are developing at this time [37], long-term changes could
be evoked in LepR distribution and/or the relative abundance of
the different leptin receptor isoforms (e.g., post-translational
processing) that are not reflected in its mRNA levels. Moreover,
leptin signaling can be affected without changes in receptor
number, such as decreased intracellular leptin signaling due to an
increase in SOCS3 [38]. The mRNA levels of this cytokine
signaling inhibitor were unaffected in males, but increased in
females in response to the combination of MD and HFD. This
might suggest that females are more susceptible to developing
leptin resistance and possibly other secondary complications in
response to these factors. However, this was not reflected in the
systemic metabolic parameters measured here.
HFD-induced hypothalamic inflammation is suggested to be
involved in the development of obesity and its associated
secondary complications, with inflammation occurring centrally
before systemic inflammatory markers are detected and insulin
and leptin resistance are incurred [20]. Here we found that HFD
increased hypothalamic IL-1b and TNF-a mRNA levels in both
male and female MD rats, but not in controls. Furthermore, this
hypothalamic inflammatory state was associated with a rise in
circulating leptin levels and HOMA index in male MD rats, but
not in females. It is unknown whether these females would become
insulin resistant after a longer period of HFD, but the fact that
leptin levels rose rapidly (as early as PND35) in response to HFD
and markers of hypothalamic inflammation were increased
suggests that these processes do precede insulin resistance and
possibly other secondary complications and in females these
detrimental effects could appear after longer exposure to HFD. It
should be taken into consideration that most studies reporting
HFD-induced hypothalamic inflammation and its relationship
with secondary effects have been performed in males and the
mechanisms involved or the sensitivity to this phenomenon could
differ in females. Indeed, although central inflammatory markers
and SOCS3 were increased, HFD decreased orexigenic and
increased anorexigenic neuropeptide mRNA levels in MD
females. This would suggest that the increase in leptin levels
continues to signal to these animals to decrease food intake and
increase energy output, which could also be involved in impeding
systemic changes such as increased insulin levels and HOMA-IR.
Modulation of all four neuropeptides was not found in any other
experimental group. These results are in agreement with other
authors reporting that there is no change in neuropeptide mRNA
levels in response to HFD or that the response is sex and time-
dependant [39–41]. In addition, as reported here the early
neonatal environment has previously been shown to affect the
response to HFD [14,42].
Our results indicate that MD may predispose rats to more rapid
weight gain and development of secondary effects such as
hyperleptinemia and hyperinsulinemia in response to HFD.
Indeed, HFD did not induce hypothalamic cytokine production
rats. CtCD: controls on a control diet; CtHF: controls on a high fat diet from weaning onward; MDCD: maternally deprived rats on a control diet;
MDHF: maternally deprived rats on a HFD from weaning onward. * = ANOVA p,0.05, NS = not significant.
doi:10.1371/journal.pone.0048915.g005
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or increase the HOMA-IR in control rats, while MD rats
developed hyperinsulinemia and hypothalamic inflammation in
a sex dependent manner. Similar observations have been reported
in obesity-prone (DIO) and obesity-resistant (DR) rats. Although
HFD increases weight gain in both DIO and DR rats, DIO rats
gain more weight and develop hyperleptinemia and hyperinsuli-
nemia, while DR rats are hyperleptinemic, but normoinsulinemic
[43]. The synaptic inputs to POMC and NPY/AgRP neurons in
the hypothalamus of DIO and DR are significantly different,
which is suggested to underlie their differential response to high fat
intake [43]. Future experiments will be necessary to determine if
MD induces organizational changes in the hypothalamus that
changes their susceptibility to HFD, but it is clear that the
metabolic response to high fat intake is determined by multiple
factors.
Astrocytes have recently been suggested to play an important
role in metabolic control [44]. These glial cells are reported to be
activated in response to a HFD [20,43,45]; however, HFD did not
modulate the mRNA levels of GFAP in either control or MD rats.
Hypothalamic GFAP mRNA levels increase in response to high fat
intake during adulthood [20,43,45]. It is possible that the
astrocytic response is different when a HFD is introduced at
weaning, as at this younger age the neuroendocrine circuits may
be more capable of adjusting to this metabolic insult over time.
By the end of the study HFD decreased circulating triglyceride
levels in both control and MD rats, with few changes at earlier
ages. The effect of HFD on circulating triglyceride levels is
variable in the literature and it is clear that the response is affected
by starting triglyceride levels, other dietary components, metabolic
status (i.e., insulin resistance or no) and time of day [46–50]. In
addition, as these rats were fasted before sacrifice the decrease in
triglycerides may reflect a differential response to fasting when on
a HFD [51]. Circulating triglycerides can be derived from dietary
fat or endogenous production and the removal of a large dietary
source could result in a larger decrease in serum levels. A similar
caveat must be taken into consideration when analyzing and
interpreting all levels of circulating metabolic factors reported
here. First, during development the results reported are non-
fasting. In addition, when allowed to eat a HFD ad libitum, rodents
modify their circadian patterns of eating and this is associated with
decreased insulin and triglyceride levels with no change in glucose
levels [50]. Whereas when HF feeding is restricted to normal
eating patterns, although energy intake is similar, the metabolic
changes are not [50].
The differential responses of males and females to MD and
HFD are in accordance with previous reports as metabolic
responses to early nutritional changes or stress [8,10,15,16] and to
HFD in adulthood [52,53] are reported to be sexually dimorphic.
Thus, it is clear that not only sex, but early life experiences and the
interaction between these two factors can have significant effects
on metabolism and the propensity to become obese. Not only
should these concepts be taken into consideration when interpret-
ing experimental results, but also in the search for effective
treatments against the rapid rise in obesity and its secondary
complications.
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1. Efectos a corto y largo plazo del bloqueo de la oleada 
postnatal de leptina con el uso de un antagonista de leptina en 
ratas machos y hembras de la cepa Wistar. 
1.1. Consecuencias a corto plazo de un tratamiento agudo con 
antagonista de leptina en la edad neonatal temprana en 
machos y hembras de 13 días de edad 
Los dos primeros capítulos de esta Tesis se refieren a los efectos de la exposición 
neonatal a un antagonista de leptina sobre el hipotálamo y las funciones dependientes de 
esta región cerebral. En este primer estudio el antagonista se administró el DPN9 y se 
analizaron sus efectos a DPN13. 
Una de las cualidades del antagonista de leptina usado en este experimento es que es 
capaz de bloquear rápidamente el transporte de leptina a través de la barrera 
hematoencefálica (BHE) y de llegar a distintas áreas del sistema nervioso central SNC, 
como el hipotálamo, donde lleva a cabo sus acciones antagonistas sobre el receptor de 
leptina (Elinav et al., 2009). Aunque este antagonista no puede atravesar la BHE en 
animales adultos, si puede ejercer su acción en individuos neonatos donde todavía la 
BHE no está del todo formada. De hecho en esta Tesis pudimos observar como el 
fármaco bloqueó la activación de la ruta de leptina en el núcleo arqueado tras una 
inyección de la hormona en animales tratados con el antagonista, dando como resultado 
un menor número de células p-STAT3
+
 al compararlo con el grupo control. 
En estudios previos con el fármaco se observó un aumento en la ingesta de alimentos y 
en la ganancia de peso en ratones hembras adultos tratados con el mismo antagonista de 
leptina (Elinav et al., 2009). Sin embargo en el estudio que nos ocupa, no encontramos 
efectos significativos en cuanto a la ganancia de peso. No analizamos la ingesta 
alimentaria de estos animales lactantes. En animales adultos cabe esperar una ganancia 
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de peso al bloquear las acciones de la leptina. Sin embargo, se ha demostrado que los 
efectos anorexigénicos de la leptina no se dan hasta etapas postnatales más tardías 
(Mistry et al., 1999, Proulx et al., 2002) lo cual podría explicar nuestro resultado. El no 
encontrar cambios en los niveles de ARNm para los neuropéptidos POMC, NPY y 
AgRP, confirma la hipótesis anterior (la leptina en edades tempranas no ejerce su efecto 
modulador sobre acciones metabólicas). Sin embargo, Proulx et al. (2002) demostraron 
que aunque un tratamiento neonatal con leptina no alteraba significativamente el peso 
del animal, sí modificaba los niveles de ARNm para los neuropéptidos POMC y NPY. 
Dado que estudios previos han demostrado que los efectos de la leptina sobre estos 
neuropéptidos dependen de los núcleos hipotalámicos analizados, es posible que las 
discrepancias encontradas en nuestro experimento sean consecuencia del análisis 
completo del hipotálamo por RT-PCR, por lo que serían necesarios más estudios para 
explorar el papel especifico del antagonista de leptina sobre los neuropeptidos en las 
distintas subpoblaciones de neuronas POMC y/o NPY. Nuestros resultados también 
muestran un incremento en los niveles de ARNm para el neuropéptido CART en 
hembras tratadas con el antagonista. Conviene recordar que este neuropéptido no solo 
está involucrado en el control de ingesta, sino que también está implicado en otros 
aspectos de la fisiología del animal tales como la respuesta al estrés y otras respuestas 
comportamentales y, además, presenta diferencias debidas al sexo (Koylu et al., 2006, 
Gozen et al., 2007). Por lo tanto, es posible que el efecto del fármaco sobre CART no 
tenga que ver con el control metabólico del animal. 
Durante las etapas tempranas del desarrollo, uno de los primeros roles ejercidos por la 
leptina parece ser modular el desarrollo de circuitos neuronales hipotalámicos que más 
tarde se encargarán de la regulación del balance energético (Bouret & Simerly, 2004). 
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Se ha informado de que modificaciones en la oleada temprana de leptina, ya sean 
fisiológicas o farmacológicas, contribuyen a cambios en el metabolismo del animal a 
largo plazo, alguno de los cuales se ha asociado con cambios estructurales del 
hipotálamo (Yura et al., 2005, Attig et al., 2008, Delahaye et al., 2008). En estudios 
previos, hemos observado cómo tras 12 h de someter a los animales neonatos (día 
postnatal-DPN-9) al protocolo de separación materna (SM), los niveles de leptina 
disminuyen drásticamente y dicha disminución sigue encontrándose a DPN13 e incluso 
en la edad adulta (Viveros et al., 2010a, Viveros et al., 2010b). Con este protocolo de 
SM observamos cambios en factores neurotróficos hipotalámicos y marcadores del 
intercambio y maduración celular durante el periodo de la separación y hasta tres días 
después de devolver a las crías con sus madres, siendo también estos efectos 
dependientes del sexo del animal. En el presente estudio, vemos como un bloqueo de las 
acciones de leptina en el DPN9 también modifica marcadores del intercambio celular en 
el hipotálamo de una manera sexo-dimórfica, aunque los efectos concretos observados 
difieren a los producidos por la SM. La SM aumentó en los machos los niveles de 
proteínas apoptóticas y de proliferación celular, con un aumento en nestina a DPN13. 
Sin embargo, las modificaciones hipotálamicas debidas al tratamiento con el antagonista 
se observaron únicamente en las hembras. A DPN13, se incrementó la muerte celular en 
el hipotálamo de hembras tratadas y se observó un aumento en los niveles de ARNm 
para BDNF, CART y Ob-R y un cambio en el ratio BCL2/Bax en sentido 
antiapoptótico, además de aumentar los niveles proteicos de nestina y vimentina. Puesto 
que la leptina aumenta la supervivencia celular (Signore et al., 2008), un aumento de la 
muerte celular es coherente con un bloqueo de leptina. La regulación a la alta de Ob-R y 
el aumento en la producción de factores neurotróficos y de señales de supervivencia 
celular podrían ser consecuencia (efecto compensatorio) de dicha muerte celular 
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ocasionada por el antagonista. En otros casos se ha encontrado un aumento en el ratio 
neuroprotector BCL2/Bax en respuesta a un incremento de muerte celular (Sasi et al., 
2009). El aumento en los niveles proteicos de nestina y vimentina (marcadores de 
neuronas y astrocitos inmaduros, respectivamente) podría explicarse como un retraso en 
la maduración celular ya que no se observó un incremento en los niveles de PCNA 
(marcador de proliferación celular). En todo caso, puesto que la expresión de vimentina 
también se ve aumentada en situaciones de activación astrocitaria, no podemos descartar 
que nos encontremos ante una situación de astrogliosis. La ausencia de efecto en los 
machos podría deberse a que el desarrollo hipotalámico no se da en la misma franja 
temporal en machos y hembras (Jacobson & Gorski, 1981), y quizá se podrían encontrar 
efectos del antagonista en los machos antes o después del DPN13. De hecho, existen 
diferencias debidas a la influencia hormonal entre ambos sexos durante el desarrollo, lo 
cual podría también modificar su respuesta a perturbaciones en el ambiente neonatal 
(McCarthy, 2010).  
Como se ha descrito arriba, el uso del antagonista de leptina a DPN9, no mimetiza los 
cambios hipotalámicos encontrados en los animales de la misma edad sometidos al 
protocolo de SM. Una posible explicación sería que el protocolo de SM incluye varios 
estresores que podrían afectar el desarrollo del animal como son, estrés térmico, ayuno 
y ausencia del cuidado materno. Además, con la SM se observó una disminución en los 
niveles de leptina, un aumento en los niveles de corticosterona y una disminución de la 
glicemia, cosa que no observamos con el uso del antagonista. Por lo que las diferencias 
encontradas entre ambos experimentos podría deberse precisamente a dichos cambios 
sistémicos. Otra diferencia entre ambos estudios es que a DPN13 se encontraron 
dimorfismos sexuales en los animales controles del experimento SM (Viveros et al., 
 - 273 - 
 
      Discusión 
2010b), que no han sido observadas en el presente estudio. Es posible que el efecto 
estresante de la inyección con el vehículo quede también de alguna forma reflejado en 
los animales controles. De hecho, como veremos más adelante, en otros experimentos 
de esta Tesis los resultados sugieren un efecto de ese tipo de manipulación. Además, 
hay que tener en cuenta que a estas edades existen cambios rápidos, como modulaciones 
circadianas en muchos de los factores estudiados (Viveros et al., 2010a), por lo que 
ligeras diferencias a la hora de recoger las muestras podrían ocasionar cambios en los 
resultados encontrados. 
1.2 Consecuencias a largo plazo de un tratamiento subcrónico 
con un antagonista de leptina en la edad neonatal temprana, en 
ratas machos y hembras peri-puberales.  
En el experimento que discutimos a continuación quisimos ver efectos a más largo 
plazo (en animales peri-puberales, DPN33 en hembras y DPN43 en machos) de un 
tratamiento sub-crónico con un antagonista de leptina más potente en el periodo DPN5 a 
9. Un punto importante que debe tenerse en cuenta es que la edad de sacrificio en este 
estudio difiere según el sexo del animal ya que las hembras entran antes en pubertad por 
lo que cuando observamos diferencias entre machos y hembras en este experimento, 
estas diferencias no pueden atribuirse específicamente al factor sexo y no podemos 
hablar sensu stricto de diferencias sexuales.  
Como ya se comentó en la Introducción, diversos datos sugieren que la oleada neonatal 
de leptina no solo participa en el desarrollo de circuitos metabólicos involucrados en el 
control del apetito (Ahima et al., 1998, Bouret & Simerly, 2004), sino que también 
podría jugar un papel en el desarrollo de regiones cerebrales extra-hipotalámicas 
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(Valleau & Sullivan, 2014). Además, aunque se sabe que hay relaciones entre leptina y 
kisspeptina, no se ha estudiado el posible efecto de neuroprogramación de la leptina 
neonatal sobre el sistema kisspeptina. En este estudio se demuestra que la exposición al 
antagonista de leptina durante la oleada neonatal de leptina, altera la expresión de 
neuropéptidos metabólicos, la expresión de componentes del sistema kisspeptina y 
señales relacionadas (como es el RFRP), y la de factores neurotróficos, marcadores 
gliales y de plasticidad sináptica tanto en el hipotálamo (HT), como en el hipocampo 
(HC) y la corteza frontal (CF).  
En este estudio las ratas fueron sacrificadas antes de presentar señales externas de 
pubertad con el fin de limitar los efectos debidos al aumento en los niveles de hormonas 
gonadales en el periodo puberal. A continuación pasaremos a discutir los resultados 
encontrados. 
- Alteraciones metabólicas:  
En estudios previos se ha demostrado que el antagonista empleado en este estudio 
bloquea los efectos de la leptina sobre la ingesta y el aumento de peso cuando se 
administra en hembras adultas (Elinav et al., 2009). Por el contrario como comentamos 
en el epígrafe anterior, en crías de rata no se han encontrado dichos efectos en la 
ganancia de peso, lo que apoya la idea de que la leptina en este periodo del desarrollo 
actúa como factor neurotrófico y no como una señal anorexigénica (Varma et al., 2004). 
Además, es muy importante el tiempo de exposición al antagonista durante periodos 
críticos del desarrollo. Por ejemplo, cuando se usaba este fármaco para bloquear la 
señalización de leptina durante los primeros 13 días de edad se observó ganancia de 
peso una vez el animal alcanzó la edad adulta (Attig et al., 2008), por el contrario 
cuando se realizaba dicho bloqueo en el DPN9 se observó el efecto contrario (una 
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pérdida de peso), que se hacía más evidente a medida que el animal alcanzaba la edad 
adulta (Granado et al., 2011). En el presente estudio tampoco se hallaron diferencias en 
el peso corporal en edad peri-puberal, pero se encontró un ligero aumento, pero 
significativo, en la ingesta acumulada de los machos tratados con el antagonista junto a 
una disminución en la cantidad de tejido adiposo blanco. Puesto que estas ratas no 
mostraron diferencias en el peso corporal, podríamos sospechar de un aumento en la 
masa magra (entendemos por masa magra toda la masa corporal a excepción del tejido 
adiposo, es decir, músculo, huesos y vísceras) de estos animales. Ya que la masa magra 
tiene mayor gasto energético que el tejido adiposo (Luke & Schoeller, 1992), esto 
podría sugerir un mayor gasto energético en animales tratados con el antagonista, lo que 
explicaría el aumento de la ingesta en machos tratados mientras que su peso corporal no 
se ve afectado por el tratamiento. Sin embargo, no encontramos cambios en los niveles 
de UCP1 y UCP2 en la grasa parda, por lo que no podemos confirmar esta hipótesis. 
Sería interesante realizar nuevos estudios con cajas metabólicas que ayuden a obtener 
datos más precisos de peso, ingesta y gasto energético. La disminución de la grasa 
subcutánea en los machos tratados con el antagonista podría deberse a alteraciones en la 
señalización de leptina sobre el desarrollo del tejido adiposo (Budge et al., 2005, Kim & 
Park, 2008, Guo et al., 2009, Muhlhausler & Smith, 2009). La distribución del tejido 
adiposo y sus funciones difieren entre sexos (Chen et al., 2012). Además, la leptina 
tiene efectos diferentes sobre los adipocitos de hembras y machos (Guo et al., 2009), 
por lo que se esperaría que un bloqueo de las acciones de esta hormona durante el 
desarrollo afectase de forma diferencial a los adipocitos de ambos sexos, como en efecto 
hemos encontrado en este estudio.  
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El tratamiento neonatal con el antagonista de leptina disminuyó los niveles de ARNm 
para leptina en el tejido adiposo blanco de machos y hembras. Se ha demostrado como 
el estado nutricional temprano puede tener un impacto sobre la adipogénesis y la 
expresión de adipokinas en el animal adulto (Lukaszewski et al., 2012), por lo que los 
niveles de leptina en edades tempranas podrían estar involucrados en la programación 
de la producción de leptina en la vida adulta. Aunque los niveles de ARNm para leptina 
fueron reducidos con el tratamiento en la grasa subcutánea, los niveles séricos de esta 
hormona no se vieron afectados. Esto podría deberse a cambios en el turnover o en la 
producción de leptina por otros depósitos de grasa. Desafortunadamente, no pudimos 
analizar la producción de leptina en grasa visceral por dificultades técnicas. El estado 
nutricional temprano también afecta a respuestas inflamatorias y a la susceptibilidad de 
desarrollar enfermedades metabólicas en la edad adulta (de Moura et al., 2008). En este 
estudio se observó como el tratamiento con el antagonista afectó a la expresión del 
ARNm para citokinas en el tejido adiposo subcutáneo, en concreto, los niveles de 
ARNm para IL10 y TNFα se vieron disminuidos en las hembras tratadas. Aunque no se 
encontraron diferencias significativas en los machos, se observó una tendencia a 
aumentar ambas citokinas. Estos resultados indican que modificaciones en la 
programación metabólica debido a cambios en la señalización por leptina en el período 
neonatal, no solo afectan al correcto desarrollo de circuitos neuroendocrinos, sino 
también a las funciones del tejido adiposo en el período peripuberal. La leptina activa la 
termogénesis y el gasto energético en reposo y uno de los mecanismos a través del cual 
desempeña dicha función es activando el sistema UCP en la grasa parda (Okamatsu-
Ogura et al., 2011). Como ya se ha mencionado, en este estudio no se encontraron 
cambios significativos en los niveles de UCP1 y 2 en la grasa parda, lo que sugiere que 
el bloqueo neonatal de leptina no afectó a la termogénesis, al menos en el tramo de edad 
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estudiado. Sin embargo, como este tratamiento induce cambios retardados en el peso 
corporal, sin modificaciones en la ingesta (Granado et al., 2011), es posible que haya un 
retraso en los efectos del antagonista sobre el gasto energético en reposo. Para 
comprobar esta hipótesis, en un trabajo en el que hemos usado el mismo tratamiento con 
el antagonista y cuyas muestras estamos analizando actualmente, hemos llevado los 
animales hasta la edad adulta. 
- Efectos sobre factores neurotróficos y intercambio celular hipotalámico:  
Como ya hemos indicado en nuestro primer estudio con el antagonista (primer apartado 
de esta discusión), un bloqueo del pico de leptina en el DPN9 modifica la expresión 
hipotalámica de factores neurotróficos y marcadores del intercambio celular en el 
hipotálamo de ratas de 13 días de edad, siendo estas modificaciones sexo-dimórficas ya 
que las hembras se ven más afectadas por el tratamiento que los machos. En el presente 
estudio mostramos como estos efectos se mantienen a largo plazo ya que tanto hembras 
como machos peri-puberales muestran modificaciones en dichos factores neurotróficos 
debidos al tratamiento con el antagonista. Por ejemplo, los niveles de ARNm para 
BDNF aumentaron en el hipotálamo rostral (HTr) y disminuyeron en el mediobasal 
(MBH) en los machos tratados con el antagonista, sin darse estos cambios en el 
hipotálamo de las hembras tratadas. Sin embargo, los niveles de ARNm para IGF1R se 
vieron incrementados por el tratamiento únicamente en el MBH de las hembras. El 
efecto del antagonista parece ser dependiente de la edad, sexo y región analizada del 
animal ya que  Hiney et al. (2009) mostraron a DPN13 niveles elevados de ARNm para 
BDNF e IGF1 en el MBH de hembras, sin cambio en los machos. 
El tratamiento con el antagonista también afectó a los niveles de marcadores gliales en 
el hipotálamo de estos animales peri-puberales de una manera sexo- región- 
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dependiente, ya que los machos tratados con el antagonista mostraron un incremento en 
los niveles de ARNm para GFAP en el HTr, mientras que las hembras tratadas 
presentaban un incremento de los niveles de ARNm para vimentina en el MBH. Debido 
a que la glia parece jugar un papel primordial en la pubertad (Ojeda et al., 2000) y en el 
control metabólico (Chowen et al., 2013), podríamos hablar de posibles efectos 
neuroendocrinos a largo plazo por un bloqueo neonatal de la señal de leptina.   
- Alteraciones del sistema kisspeptina hipotalámico 
El sistema Kiss1/Gpr54 es esencial para estimular la entrada en pubertad y mantener la 
función reproductora (Tena-Sempere, 2013), mientras que el sistema Rprp/Npff1r, 
recientemente descrito, podría participar en estas funciones como un inhibidor de 
gonadotropina (Pinilla et al., 2012). En este estudio observamos como el bloqueo de la 
oleada neonatal de leptina aumentó los niveles de ARNm para Gpr54 en ambos sexos 
sin detectarse cambios en los niveles de ARNm para Kiss1. Se sabe que la leptina puede 
estimular al sistema Kiss1/Gpr54 en neuroblastos in vitro (Morelli et al., 2008) lo que 
sugiere que una exposición temprana a dicha hormona podría tener efectos 
organizacionales sobre la expresión de su receptor, y posiblemente modular la 
sensibilidad del sistema kisspeptina. Queda por determinar si el bloqueo de leptina a 
DPN9 afecta a la entrada en pubertad, ya que, debido a nuestro interés por estudiar 
efectos moleculares del tratamiento previos a este periodo, este estudio fue terminado 
antes de que se completara la maduración sexual de dichos animales. Sin embargo, en 
las hembras tratadas se observó una tendencia a aumentar el peso de los ovarios 
acompañada de un aumento en los niveles séricos de estradiol y en los niveles 
hipofisarios de ARNm para FSH,  mientras que en los machos se observó un incremento 
en el peso testicular debido al tratamiento aunque no se observaron cambios en los 
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niveles séricos de testosterona o en los niveles de ARNm para hormonas hipofisarias, 
pudiendo estar todo ello relacionado con un posible adelanto de la pubertad.  
- Efectos sobre poblaciones celulares en hipocampo y corteza frontal  
Se sabe que el Ob-R está expresado en astrocitos además de en neuronas (Hsuchou et 
al., 2009b) y que estas células gliales son necesarias para el desarrollo normal del 
cerebro ya que están implicadas en la proliferación, supervivencia y metabolismo de 
neuronas, así como en la sinaptogénesis y la transmisión sináptica (Hartline, 2011). 
Además,  la leptina juega un papel importante en el desarrollo glial (Ahima et al., 1999, 
Udagawa et al., 2006a), de hecho en este estudio observamos que un bloqueo neonatal 
de esta hormona tiende a incrementar los niveles de GFAP en el HC de los machos 
tratados con una antagonista de leptina. En estudios previos con el modelo de SM, se ha 
observado como los niveles de GFAP también se ven incrementados en el HC de ratas 
macho SM tanto en la adolescencia (DPN40) como en la edad adulta (Llorente et al., 
2007, Lopez-Gallardo et al., 2012, Marco et al., 2013). Una de las razones de estos 
cambios en la expresión de GFAP en animales SM podría ser la ya comentada 
disminución de leptina en estos animales (Viveros et al., 2010a). Por otro lado, en 
ambas regiones (HC y CF) los niveles de vimentina, como se ha explicado 
anteriormente, es un marcador de astrocitos reactivos o inmaduros (Manzano et al., 
2007, Bramanti et al., 2010), se vieron disminuidos por el bloqueo postnatal de la señal 
de leptina en los machos. Estos cambios podrían ser indicativos de una alteración en la 
maduración glial de HC y FC en los machos tratados. Parece que existe una 
susceptibilidad, dependiente del sexo, de los astrocitos, al bloqueo neonatal de la señal 
de leptina, siendo más resistentes los astrocitos de las hembras. Se ha comprobado que 
los astrocitos corticales de las hembras son más resistentes que los de los machos a 
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daños oxidativos realizados in vitro, aparentemente debido a un aumento en la 
aromatización y formación de estradiol llevado a cabo por la aromatasa P450 (Liu et al., 
2007). De acuerdo con esto, la elevada capacidad de aromatización hallada en los 
astrocitos de las hembras podría representar uno de los mecanismos subyacentes a las 
diferencias sexuales observadas en la respuesta in vivo  a un tratamiento con antagonista 
de leptina.  
Los niveles proteicos para precursores de oligodendrocitos (NG2) y oligodendrocitos 
maduros (APC) disminuyeron significativamente en el HC de hembras tratadas con el 
antagonista. En nuestro laboratorio se ha observado con anterioridad como animales SM 
(con bajos niveles neonatales de leptina) también muestran unos niveles hipocampales 
de NG2 disminuidos (Marco et al., 2013). Zhang et al. (2002) observaron con un 
protocolo de SM similar al nuestro (24h en DPN11) un aumento en la tasa de muerte 
celular, mayoritariamente de oligodendrocitos en la materia blanca cerebral. Por lo 
tanto, parece ser que los oligodendrocitos son sensibles a los efectos organizacionales 
del estrés, algunos de ellos mediados posiblemente por los niveles neonatales de leptina. 
Se necesitan estudios adicionales para investigar las consecuencias del estrés temprano 
sobre la maduración de oligodendrocitos a largo plazo, así como sobre procesos de 
mielinización. 
- Efectos sobre el sistema endocannabinoide en hipocampo y corteza frontal:    
Como ya se comentó en la introducción de esta Tesis, la relación entre la leptina y el 
sistema endocannabinoide (SEC) ha sido fundamentalmente analizada en el contexto de 
homeostasis energética hipotalámica (Bermudez-Silva et al., 2010). Poco se sabe de las 
interacciones extra-hipotalámicas entre la leptina y los endocanabinoides, especialmente 
durante el desarrollo temprano, pero dada la naturaleza pleiotrópica de ambos sistemas 
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es plausible que estén involucrados en diversas funciones más allá de la homeostasis 
energética. En un estudio anterior con el antagonista de leptina, observamos a DPN13 
una disminución en la expresión del receptor CB1 en el HC de animales  tratados con 
dicho antagonista a DPN9 (Lopez-Gallardo et al., 2015). Sin embargo, en el presente 
estudio no se vieron dichas modificaciones en los machos pre-púberes, mientras que en 
la CF de hembras se observó una disminución en los niveles de CB1 debida al 
tratamiento. Aunque las diferencias entre ambos estudios podría deberse a la duración 
del tratamiento, ya que en el primer estudio solo se administró en el día postnatal 9 
(Lopez-Gallardo et al., 2015), también es posible que los cambios en CB1 observados a 
DPN13 sean normalizados en el periodo peri-puberal. Por otro lado, los niveles de CB2 
fueron disminuidos por el tratamiento en ambas regiones cerebrales de los machos, sin 
verse afectadas las hembras. Por lo tanto, CB1 y CB2 fueron alterados por el 
tratamiento de distinta manera 
- Efectos sobre la plasticidad sináptica en hipocampo y corteza frontal:    
En este estudio observamos una disminución significativa en los niveles de sinaptofisina 
tanto en el HC como en la CF de los machos tratados con el antagonista. La 
administración de este fármaco en el DPN9 también provocó dicha disminución en la 
formación hipocampal de ambos sexos a los 13 días de edad (Lopez-Gallardo et al., 
2015), lo que sugiere que dichos cambios persisten en la edad peri-puberal. Además, en 
estudios previos con el protocolo de SM también se observó en ratas adolescentes una 
disminución de los niveles de sinaptofisina en la CF (Marco et al., 2013). En varios 
estudios se ha propuesto una posible relación entre la leptina y proteínas implicadas en 
la plasticidad sináptica y en la morfología dendrítica (O'Malley et al., 2007, Moult & 
Harvey, 2008, Walker et al., 2008). El rápido incremento en la densidad sináptica 
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hipocampal y en los niveles proteicos involucrados en estos procesos fueron 
relacionados con la actividad de la ruta de señalización MAPK en las neuronas, la cual 
es regulada por la leptina. Es posible que bloqueando la unión de leptina a su receptor 
pueda disminuir la actividad de MAPK, lo cual podría disminuir los niveles de proteínas 
asociadas a la plasticidad sináptica, como es la sinaptofisina. Se ha propuesto que altos 
niveles de leptina durante la infancia están involucrados en la excitabilidad hipocampal 
y en la producción de proteínas sinápticas involucradas en la sinaptogénesis (Ahima et 
al., 1999, Shanley et al., 2001). De hecho Walker et al. (2007) observaron como un 
tratamiento crónico con leptina en la edad neonatal inducía la expresión de proteínas 
sinápticas como son la sinaptofisina y la sintapsina 2A, ambas proteínas presinápticas 
asociadas a la liberación de neurotransmisores y a la formación de sinapsis. Por lo tanto, 
los resultados del presente estudio apoyan la idea de que la oleada de leptina neonatal 
ejerce una función de programación en el establecimiento de la plasticidad sináptica. 
La relina es una proteína involucrada en el desarrollo cerebral, de hecho, la ausencia o 
disminución de sus niveles estan relacionados con procesos neurodegenerativos como la 
enfermedad de Alzheimer (Michetti et al., 2014). Los niveles de relina en la CF de 
hembras expuestas al antagonista durante el periodo de oleada neonatal de leptina se 
vieron disminuidos, lo que sugiere que este bloqueo en la señalización de la leptina en 
estadios tempranos del desarrollo podría alterar la laminación cortical. Por otro lado no 
hay que descartar otros posibles efectos, ya que niveles reducidos de reelina han sido 
relacionados con ansiedad, deficit cognitivo y otros rasgos comportamentales (Michetti 
et al., 2014).  
NCAM fue otro de los marcadores de plasticidad afectado por el tratamiento con el 
antagonista, ya que ambos sexos mostraban niveles reducidos en la CF. Estudiando los 
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efectos de la SM en ratas adolescentes se observó como los niveles hipocampales de 
NCAM eran disminuidos por dicho protocolo en ambos sexos, mientras que el índice de 
discriminación en NOT (novel object test, prueba de reconocimiento de objetos) estaba 
alterado solo en las hembras SM (Marco et al., 2013). Además, Valladolid-Acebes et al. 
(2013) hallaron un aumento en la expresión de NCAM en neuronas piramidales de CA1 
en HC de ratas alimentadas con una dieta rica en grasas (HFD), lo que se relaciona con 
una alteración de la memoria espacial debida a un aumento en los niveles de leptina. 
Todos estos resultados parecen indicar que tanto un defecto como un exceso en los 
niveles de leptina, especialmente en una edad crítica para el desarrollo, podría alterar la 
plasticidad sináptica y la memoria, a largo plazo. Nuestro grupo de investigación está 
estudiando actualmente si el antagonista de leptina puede alterar las funciones 
cognitivas en la edad adulta. 
- Efectos sobre el sistema glutamatérgico en hipocampo y corteza frontal:    
Existe una clara relación entre el sistema glutamatérgico y la leptina. Modelos de 
ratones deficientes en leptina (ob/ob) presentan alteraciones en la potenciación a largo 
plazo (LTP) en el HC (Li et al., 2002) y se ha observado como un tratamiento agudo 
con leptina puede mejorar la función del receptor NMDA (Shanley et al., 2001). Walker 
et al. (2007) hallaron un incremento en los niveles de la subunidad NR1 del receptor 
NMDA en el HC de ratas tratadas con leptina en la etapa perinatal. En el presente 
estudio observamos como la administración neonatal de un antagonista de leptina 
induce a largo plazo una disminución en los niveles de NR1 en la CF de machos 
tratados, sin cambios en HC. Estas diferencias no fueron encontradas en las hembras 
tratadas. Por otro lado, observamos una disminución de los niveles de GLT1, 
transportador responsable de la recaptura de glutamato por parte de los astrocitos 
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(Estrada-Sanchez & Rebec, 2012), en el HC de hembras tratadas. Hay que tener en 
cuenta que el sistema glutamatérgico participa en varios procesos del neurodesarrollo a 
través de eventos complejos de regulación de la activación de sus receptores para 
modular funciones cognitivas, como son la memoria y el aprendizaje, en diferentes 
areas cerebrales, como el HC y la CF (Choudhury et al., 2012, Pistillo et al., 2015). 
Nuestros resultados indican que el bloqueo de la señalización de la leptina en un periodo 
crítico neonatal, podría afectar al desarrollo cerebral alterando la transmisión 
glutamatérgica. Aunque no está claro como la leptina regula dicho sistema, existen 
evidencias que indican que esta hormona regula la LTP hipocampal a través de la vía de 
señalización MAPK/ERK (Shanley et al., 2001, Li et al., 2002, Walker et al., 2007). 
Los datos obtenidos sugieren que el bloqueo neonatal de leptina podría regular a la baja 
a los receptores glutamatérgicos, alterando la transmisión glutamatérgica siendo estos 
efectos dependientes de la región cerebral estudiada. Respecto a las diferencias entre 
machos y hembras, no hay que olvidar que fueron sacrificados a distintas edades, por lo 
que no podemos descartar un perfil de desarrollo diferencial como posible factor para 
las diferencias encontradas. 
- Otros efectos en hipocampo y corteza frontal  
Los niveles de ARNm para IGF1 y su receptor se vieron afectados en la CF de las 
hembras tratadas. Existe una relación funcional entre la leptina y el  sistema IGF1 ya 
que ambos juegan un papel central en el desarrollo y plasticidad cerebral (Corvin et al., 
2012, Xie et al., 2013), y uno de los efectos de IGF1 en el cerebro es proteger a las 
neuronas de la apoptosis (Xie et al., 2013) mientras que la leptina modula la 
proliferación y diferenciación celular (Bouret, 2013). Por lo tanto un bloqueo de la señal 
de leptina podría afectar a las acciones neuroprotectoras/neurotróficas de ambos 
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péptidos. Entre las vías que relacionan a la leptina con el sistema IGF1, se ha 
encontrado que este sistema IGF1 es regulado positivamente por la disponibilidad de 
nutrientes, información dada por el aumento en los niveles de leptina tras la ingesta, y 
negativamente por los glucocorticoides (Fernandez-Cancio et al., 2008). Nuestros 
resultados también indican que el tratamiento con el antagonista de leptina indujo una 
disminución en los niveles de ARNm para CRH y Ob-R en la CF de hembras tratadas. 
Los datos expuestos en este epígrafe parecen sugerir una cierta vulnerabilidad de esta 
región cerebral en las hembras en relación con los efectos del tratamiento con el 
antagonista sobre los sistemas IGF1, CRH y el receptor de leptina. 
Otro resultado muy interesante y novedoso de este experimento fue que los niveles de 
Gpr54 se vieron disminuidos en el hipocampo de ambos sexos tratados con el 
antagonista. En esta región cerebral este receptor de kisspeptina está altamente 
expresado en las células granuladas del giro dentado, lo que podría relacionarse con 
procesos de plasticidad y función cognitiva (Arai, 2009). La función del sistema de 
kisspeptina en regiones extrahipotalámicas y su relación con leptina han sido 
escasamente investigadas. Nuestros resultados ponen de manifiesto que la oleada 
neonatal de leptina podría ejercer un efecto de neuroprogramación sobre el sistema de 
kisspeptina tanto a nivel hipotalámico como extra-hipotalámico. Estos datos apuntan 
una ampliación de las funciones que pueda ejercer el sistema de kisspeptina y sus 
relaciones con la leptina, más allá de lo que hasta el momento ha sido más estudiado, 
básicamente aspectos relacionados con metabolismo y reproducción. De hecho, Arai et 
al. (2002) apuntan la idea de que este sistema en el hipocampo se encargaría de 
funciones relacionadas con las respuestas sinápticas ya que observaron un aumento en la 
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liberación de glutamato cuando activaban al receptor GPR54 en células del giro dentado 
del hipocampo. 
2. Efectos a largo plazo de un suplemento de leptina o de 
una dieta rica en grasas en ratas Wistar sometidas al 
protocolo de separación materna. Aproximación 
farmacológica o dietética en distintas etapas del desarrollo. 
2.1. Consecuencias a largo plazo de un tratamiento sub-crónico 
con leptina en la edad neonatal en ratas de ambos sexos 
sometidas a separación materna temprana. 
Son varios los efectos observados por nuestro grupo de investigación en relación al 
protocolo de separación materna (SM) entre los que destacamos: una disminución en los 
niveles circulantes de leptina y otras alteraciones endocrinas tales como cambios en los 
niveles de adiponectina y testosterona, una reducción en la ganancia de peso que se 
continúa hasta la edad adolescente o hasta la edad adulta temprana, cambios 
comportamentales en adolescencia de tipo cognitivo y emocional, así como alteraciones 
en la expresión de distintos marcadores de poblaciones celulares, factores tróficos y de 
plasticidad sináptica (Marco et al., 2015). Nuestra hipótesis fue que la disminución de la 
señalización por leptina neonatal podría ser responsable, al menos en parte, de los 
efectos ocasionados por la SM. De hecho, existen numerosos estudios que han 
demostrado como modificaciones neonatales en los niveles de leptina provocan cambios 
a largo plazo en el metabolismo del individuo (Vickers et al., 2005, Yura et al., 2005, 
Granado et al., 2012). Por ello tratamos a ratas SM con leptina durante los DPN9-13. 
Los resultados indicaron que varios efectos ocasionados por la SM eran revertidos o 
atenuados con el tratamiento de leptina, lo que sugiere que parte de los efectos 
deletéreos de la SM eran ocasionados por la deficiencia de leptina que presentan dichos 
animales. Por otro lado, cabe destacar que varios efectos de la SM previamente 
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observados por nuestro grupo no fueron observados en este trabajo debido 
probablemente a la manipulación neonatal diaria a la que fueron sometidos los animales 
durante el tratamiento con leptina/vehículo (inyecciones subcutáneas entre los días 9-
13). Comenzaremos por discutir los cambios a nivel hipotalámico y en funciones 
reguladas por esta estructura, a continuación discutiremos las alteraciones en hipocampo 
(HC) y corteza frontal (CF), así como en comportamientos en los que están implicadas 
estas regiones cerebrales.   
- Alteraciones metabólicas: 
En este estudio la reducción de peso en los animales SM se observó hasta el día 
postnatal (DPN) 57. Por otro lado, en los machos no separados, el tratamiento con 
leptina tendió a incrementar el peso del animal en su vida adulta lo cual se asoció a los 
resultados obtenidos en la ingesta de alimentos ya que se observó como dichos animales 
incrementaron la ingesta en comparación a su respectivo grupo control. Estos resultados 
concuerdan con lo obtenido por el grupo de Toste et al. (2006) donde se asoció un 
aumento en la ganancia de peso y en la ingesta de alimentos en la edad adulta con una 
hiperleptinemia neonatal presente en los animales de su estudio. Sin embargo, otros 
estudios no encontraron dichos efectos de la leptina sobre la ganancia de peso (Varma et 
al., 2004, Erkonen et al., 2011, Granado et al., 2014) debido posiblemente a las 
diferencias de dosis y tiempo de administración de la hormona. Por otro lado, el 
tratamiento con leptina en los machos SM provocó una reducción en la ganancia de 
peso y la ingesta de alimentos. No se hallaron efectos de la leptina per se sobre la 
ingesta o el peso de las hembras lo que parece confirmar resultados obtenidos por 
Erkonen et al. (2011). 
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Respecto a los niveles de leptina, se confirmó el dimorfismo sexual observado en otros 
estudios (Smith & Waddell, 2003, Viveros et al., 2010a) ya que los machos presentaron 
mayores niveles que las hembras. Además, la SM tuvo repercusión sobre los niveles de 
dicha hormona a DPN36 en los machos, ya que vieron disminuidos sus niveles al 
compararlos con los de los grupos controles corroborando nuestros resultados previos 
(Viveros et al., 2010b, Llorente-Berzal et al., 2011, Llorente et al., 2011). Sin embargo, 
está disminución en los niveles de leptina no se mantuvo en la edad adulta, como sí se 
observó en nuestros anteriores estudios. Una posible explicación de estas diferencias 
podría ser que la manipulación a la que fueron sometidos los animales por las 
inyecciones diarias en pleno periodo neonatal haya de alguna forma protegido a los 
animales frente a este efecto de la SM. En este sentido, de Oliveira Cravo et al. (2002) 
mostraron que el estrés producido por inyecciones de salino afectaba a los niveles de 
leptina. El tratamiento neonatal con leptina tampoco afectó a los niveles circulantes de 
esta hormona en la edad adulta, lo que concuerda con los resultados obtenidos por 
Granado et al. (2011) donde una administración de leptina en el DPN2 no varió los 
niveles circulantes de esta hormona en la edad adulta.  
El tratamiento neonatal con leptina y la SM, tanto por separado como la combinación de 
ambos protocolos, aumentaron los niveles hipotalámicos de ARNm para POMC en los 
machos, sin darse una relación clara entre las modificaciones en los niveles de este 
neuropéptido anorexigénico con los resultados en ingesta, ya que la ingesta de alimentos 
solo se vio disminuida en los machos SM con el tratamiento de leptina. En línea con 
estos resultados, la relación entre un aumento en la ingesta y el incremento en los 
niveles de ARNm para orexina (neuropéptido orexigénico) solo fue observada en los 
machos no separados tratados con leptina, sin verse dicha relación en el resto de grupos 
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que también presentaban aumentados los niveles de orexina (machos separados tratados 
con leptina y las hembras no separadas tratadas con leptina), por lo que no podemos 
relacionar los cambios en los neuropéptidos de control metabólico con alteraciones en la 
ingesta o en el peso de estos animales. Se necesitarían más estudios para dilucidar los 
posibles efectos de la SM y el tratamiento neonatal con leptina sobre la secreción de 
estos neuropéptidos, incluyendo un estudio profundo de la organización sináptica de los 
circuitos metabólicos.  
En el test de tolerancia a glucosa observamos un aumento de sensibilidad a glucosa en 
los animales SM sin verse un efecto debido al tratamiento con leptina. En estudios 
previos (Viveros et al., 2010a), mostramos una disminución en la glicemia neonatal de 
animales SM que podría explicar la alteración en la respuesta a glucosa observada en la 
edad adulta de los animales del estudio que nos ocupa. Aunque en el día del sacrificio 
no observamos variaciones en los niveles de glucosa debidas a la SM, dichos animales 
si presentaban un aumento en los niveles circulantes de insulina. El tratamiento con 
leptina también incrementó los niveles de insulina en los machos no separados 
corroborando los resultados obtenidos por Passos et al. (2009), quienes observaron una 
hiperinsulinemia en ratas jóvenes tratadas con leptina durante su etapa perinatal. Sin 
embargo, la combinación de ambos protocolos consiguió restaurar los niveles basales de 
insulina. 
-    Efectos sobre la función reproductora: 
Modificaciones metabólicas durante las primeras etapas del desarrollo, especialmente 
un aumento en la ganancia de peso, pueden repercutir en el desarrollo normal de la 
pubertad del individuo (Sanchez-Garrido et al., 2013), asociándose a cambios en los 
niveles de leptina (Bohler et al., 2010, Sanchez-Garrido et al., 2013, Sanchez-Garrido & 
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Tena-Sempere, 2013, Vazquez et al., 2015). En este estudio mostramos como tanto la 
SM como el tratamiento neonatal con leptina por separado adelantan la aparición de 
signos externos de pubertad en los machos. Sin embargo, en las hembras observamos 
que el tratamiento con leptina retrasó la aparición de dichos signos. Se considera que la 
leptina es un factor que facilita la entrada en pubertad (Ahima et al., 1997), y se ha 
observado que un aumento del tejido adiposo y de los niveles de leptina son capaces de 
adelantar la entrada en pubertad (Chou & Mantzoros, 2014), pero en nuestras hembras 
expuestas a leptina en período neonatal, parece alterarse el efecto de neuroprogramación 
de esta hormona ya que observamos justo lo contrario (un retraso en la entrada a 
pubertad) seguramente debido al periodo en el que administramos la leptina. La 
expresión hipotalámica de los componentes del sistema de kisspeptina no se vio 
afectada por ninguno de los protocolos empleados en este estudio. Es posible que las 
alteraciones en la entrada de la pubertad se deban a modificaciones en este sistema 
kisspeptina que no hayan sido reflejadas en los niveles de ARNm, como puede ser 
alteraciones en la secreción de estos péptidos o en la conectividad de dichas neuronas. 
Son necesarios estudios adicionales que contribuyan a una mejor comprensión de los 
mecanismos que subyacen a los efectos a largo plazo de la oleada de leptina neonatal 
sobre el establecimiento de la pubertad. En los machos, el adelanto en la aparición de 
signos externos de pubertad coincidió con un aumento en los niveles de ARNm para 
CART. Este neuropéptido está involucrado en la función reproductora facilitando la 
acción de la leptina sobre las neuronas GnRH encargadas también de la entrada en la 
pubertad (Subhedar et al., 2014). 
Se ha informado de que eventos estresantes en etapas tempranas del desarrollo, como la 
manipulación neonatal o la restricción de alimentos en madres gestantes, puede tener 
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efectos a largo plazo sobre el eje reproductivo y el comportamiento sexual en ambos 
sexos (Gomes et al., 1999, Padoin et al., 2001, Leonhardt et al., 2003, Gomes et al., 
2006, Camozzato et al., 2009). En machos adultos no hallamos efectos de la SM sobre 
los niveles circulantes de testosterona, sin embargo, en estudios previos observamos una 
disminución en los niveles de esta hormona en machos SM (Llorente et al., 2011). Una 
vez más, creemos que es posible que la manipulación temprana asociada a las 
inyecciones pueda haber protegido también de este efecto de la SM. Por otro lado, el 
tratamiento neonatal de leptina provocó un aumento en los niveles de testosterona en los 
machos, siento este incremento mucho mayor en los machos SM, lo que indica un 
efecto aditivo de los tratamientos. La leptina es capaz de modular la función 
reproductora en los machos tanto a nivel central como testicular (Landry et al., 2013, 
Schoeller et al., 2014), pero no encontramos ningún efecto de la SM o del tratamiento 
con leptina en la expresión de gonadotropinas o neuropéptidos involucrados en la 
función reproductora. Como se indicó en el párrafo anterior, es posible que existan 
modificaciones en la conectividad neuronal de los circuitos encargados en la función 
reproductora así como en los pulsos de secreción de las gonadotropinas. Por otro lado, 
se sabe que la leptina puede inhibir de forma directa la esteroidogénesis testicular 
(Landry et al., 2013) ya que en individuos obesos se asoció una hiperleptilemia con una 
disminución en la secreción de testosterona (Landry et al., 2013, Zhao et al., 2014), por 
lo que el tratamiento neonatal con leptina podría afectar al desarrollo testicular. De 
hecho, como vimos en otro estudio de esta Tesis, un bloqueo de la oleada de leptina 
ocasionó un aumento en el volumen testicular de los machos adolescentes. 
En las hembras, los niveles de estradiol fueron reducidos con la SM y el tratamiento de 
leptina consiguió revertir dicho efecto. La leptina juega un importante papel en la 
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reproducción femenina, teniendo efectos sobre la función gonadal, el embarazo y la 
implantación del embrión en el útero (Barash et al., 1996, Brannian & Hansen, 2002, 
Henson & Castracane, 2006), y la fertilidad femenina parece depender de un adecuado 
status metabólico (Pasquali et al., 2003, Geber et al., 2012). Una alteración en los 
niveles de leptina podría ser responsable de algunos de los problemas reproductivos en 
las mujeres como es la infertilidad (Brannian, 2011); sin embargo, poco se sabe acerca 
de los efectos a largo plazo de un estrés neonatal o modificaciones en los niveles 
neonatales de leptina sobre la reproducción femenina. Es posible que una disminución 
en los niveles de leptina producida por la SM sea interpretada como una señal del status 
nutricional insuficiente de ese individuo. En todo caso, la reversión por leptina neonatal 
de la disminución de estradiol causada por la SM apunta a un papel de 
neuroprogramación de la leptina neonatal sobre la regulación de los niveles de esta 
hormona.  
Hasta la fecha no existe información en la literatura acerca de cómo la SM o los niveles 
neonatales de leptina pueden afectar al comportamiento sexual. En el comportamiento 
sexual analizado en los modelos animales con ratas, la latencia de las montas, la 
frecuencia de estas y la latencia en la intromisión están consideradas como medida de 
deseo y motivación sexual, mientras  que la frecuencia en intromisiones y la latencia en 
eyaculación se consideran medidas de rendimiento sexual (Robbins, 1996). El 
tratamiento neonatal con leptina parece incrementar el rendimiento sexual ya que 
disminuye la latencia eyaculatoria y el ratio monta/intromisión en los machos no 
separados. Sin embargo, en los machos SM el tratamiento neonatal con leptina 
disminuyó la motivación sexual. El único efecto de la SM per se sobre el 
comportamiento sexual de estos machos fue una disminución en el pseudoICI que 
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podría interpretarse como un aumento en el deseo sexual y la motivación. Se sabe que la 
libido está bajo control psicosomático, neurogénico, vascular y hormonal (Waller et al., 
1985). Existen varias hipótesis acerca de la asociación entre la actividad dopaminérgica 
y el deseo sexual con la función eréctil, mientras que la actividad central serotoninérgica 
es asociada a una inhibición tanto de la función eréctil como del orgasmo (Cagiano et 
al., 2008). En línea con estos conceptos, en estudios previos observamos un incremento 
en los niveles de serotonina debido a la SM (Llorente et al., 2010). Por lo tanto la 
disminución en pseudoICI relacionado con la SM podría asociarse a un aumento en el 
deseo sexual en vez de un comportamiento consumatorio. 
-    Respuestas emocionales y memoria: 
La SM per se solo afectó al comportamiento de las hembras en la prueba de campo 
abierto (OF, del inglés Open Field test), donde dichos animales presentaron un aumento 
en el porcentaje deambulación interna indicando una disminución del “miedo” a los 
espacios abiertos (efecto de tipo ansiolítico). La combinación de SM y tratamiento con 
leptina provocó un incremento en la ambulación total y postura erguida en el OF. En el 
laberinto en cruz elevado (EPM, del inglés Elevated Plus Maze) se observó un elevado 
número de caídas en las hembras SM, debido a un incremento en el comportamiento de 
riesgo en estos animales (postura erguida en los brazos abierzos, entre otros). Se sabe 
que la leptina juega un papel en comportamientos relacionados con la depresión y la 
ansiedad (Liu et al., 2010, Garza et al., 2012). Por ejemplo, una administración aguda 
de leptina produce efectos ansiolíticos en pruebas comportamentales de interacción 
social en ratón (Liu et al., 2010). Estos resultados indican que una temprana 
modificación en los niveles de leptina podrían ocasionar cambios emocionales a largo 
plazo.  
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Con respecto al test de memoria, el test de reconocimiento de objetos (NOT, del inglés 
Novel Object test), no hemos hallado efectos de la SM. Sin embargo, en estudios 
anteriores observamos que ratas SM de ambos sexos mostraban un índice de 
discriminación disminuido, lo que indica una menor capacidad de memoria de trabajo 
(Marco et al., 2015). De nuevo estas diferencias podrían explicarse por la manipulación 
de los animales durante el tratamiento (efecto de las inyecciones subcutáneas). La 
manipulación neonatal podría inducir cierta resistencia al impacto negativo del 
protocolo SM probablemente mediante la inducción de un aumento en la cantidad y 
calidad del cuidado materno una vez devueltas las crías a sus madres tras la inyección  
(Alvarez et al., 2015). Estos hallazgos abren interesantes perspectivas en relación a la 
posibilidad de evitar o paliar los efectos del estrés en la vida temprana. Como 
esperábamos, las hembras mostraron una mayor actividad locomotora y exploratoria y 
menores niveles de ansiedad que los machos, lo cual concuerda con la mayoría de 
resultados hallados en la literatura (Silveira et al., 2005, Naslund et al., 2013). 
-    Efectos sobre la plasticidad sináptica en hipocampo y corteza frontal: 
En trabajos anteriores hemos demostrado que la SM afecta a proteínas implicadas en la 
formación y estabilización sináptica (Marco et al., 2015). En ratas adolescentes, la SM 
disminuyó la expresión de marcadores de plasticidad en el HC y la CF, incluyendo 
NeuN, BDNF, PSD95, sinaptofisina y NCAM, y alteró la memoria de reconocimiento 
en el NOT (Marco et al., 2015). En el estudio que nos ocupa, no observamos efectos de 
la SM sobre la expresión de estas proteínas en ratas adultas. Es poco probable que esto 
se deba a una normalización en la edad adulta, ya que en estudios anteriores, donde no 
se realizaban inyecciones neonatales, ratas SM adultas mostraban deterioro cognitivo y 
de plasticidad sináptica en el HC (Marco et al., 2015). Como se ha mencionado en el 
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párrafo anterior, sugerimos que la manipulación diaria en este periodo crítico neonatal 
ejerce efectos protectores en ratas SM.  
El tratamiento neonatal con leptina si afectó a los ya mencionados marcadores neurales 
y de plasticidad sináptica. En concreto, las hembras tratadas con leptina tenían 
aumentados los niveles hipocampales de NeuN, lo cual concuerda con estudios in vivo e 
in vitro que muestran una estimulación directa por leptina de la neurogénesis adulta en 
el HC e HT (Yon et al., 2013) y como animales deficientes en leptina (ob/ob o db/db) 
presentan neurodegeneración en la CF y en el HC (Yon et al., 2013). En el HC de 
machos, el tratamiento con leptina disminuyó los niveles proteicos para sinaptofisina, 
PSD95 y NCAM, apoyando la idea de un fallo en la formación de sinapsis. Por otro 
lado, en la CF se dio un claro aumento de PSD95 y NCAM 180kDa en hembras tratadas 
con leptina mientras que la expresión de NCAM 140kDa se vio incrementada en ambos 
sexos debido al tratamiento. Algunos de los resultados observados podrían deberse a un 
exceso de leptina durante el periodo neonatal, lo que podría ocasionar la distorsión de la 
sinaptogénesis y los efectos a largo plazo sobre la expresión de marcadores de 
plasticidad sináptica en adultos. Estos cambios son dependientes del sexo y de la región 
cerebral, lo que seguramente refleja perfiles de desarrollo temporal y espacial que 
dependen del sexo del individuo. 
-    Efectos sobre el sistema endocannabinoide en hipocampo y corteza frontal: 
En estudios previos hemos demostrado que la SM induce alteraciones a corto y medio 
plazo sobre distintos componentes del SEC, incluyendo cambios en los niveles del 
receptor CB1 (Marco et al., 2015). En este estudio observamos un aumento en los 
niveles hipocampales de CB1 en hembras SM adultas. Por su parte, el tratamiento 
neonatal con leptina disminuyó los niveles hipocampales de CB1 en las hembras. En la 
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CF, el tratamiento neonatal con leptina aumentó la expresión de CB1 en ratas no 
separadas de ambos sexos, y la SM tendió a revertir dicho efecto. Una vez más, los 
resultados muestran interacciones de carácter compensatorio entre ambos tratamientos 
neonatales. La relación entre la leptina y el SEC ha sido analizada principalmente en el 
HT y en el contexto de homeostasis energética (Bermudez-Silva et al., 2010). Existe 
menos información con respecto a las interacciones entre la leptina y este sistema en 
áreas extra-hipotalámicas. Dada la naturaleza pleiotrópica de ambos sistemas, podrían 
estar implicados en otras funciones distintas a la homeostasis energética. Hasta lo que 
nosotros conocemos, nuestros resultados proporcionan la primera evidencia de un efecto 
programador de la leptina neonatal sobre el SEC e indican que tanto una deficiencia 
como un exceso en los niveles neonatales de leptina tienen efectos a largo plazo en la 
expresión de CB1 dependiendo del sexo del individuo y de la región analizada. 
- Efectos sobre la población glial en hipocampo y corteza frontal: 
En este estudio, tanto el tratamiento neonatal con leptina como la SM afectaron al 
desarrollo de los diversos tipos de células gliales analizadas. Los niveles de GFAP 
disminuyeron en el HC y la CF de machos SM; sin embargo, en las hembras solo se 
observó dicho efecto de la SM en la CF. Acorde con estos resultados, Ahima et al. 
(1999) mostraron niveles disminuidos de GFAP en ratones deficientes de leptina. 
Además, observamos que el tratamiento con leptina revirtió los efectos de la SM en 
machos, pero no en hembras. La expresión de vimentina también disminuyó en el HC y 
en la CF de hembras SM, y este efecto fue revertido por el tratamiento con leptina. Se 
desconoce de qué manera la señalización de leptina en astrocitos y neuronas puede 
actuar sobre las funciones normales y fisiopatológicas en áreas extra-hipotalámicas 
como son el HC y la CF (Pan et al., 2012). Nuestros datos indican una interacción entre 
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ambos factores y apuntan a un efecto protector del tratamiento con leptina en ratas SM. 
Por otro lado, hembras SM mostraron también una disminución en la expresión del 
precursor de oligodendrocitos NG2 en su CF, siendo este efecto parcialmente 
compensado por el tratamiento neonatal con leptina. En línea con estos hallazgos, un 
aumento en la muerte celular (mayoritariamente de oligodendrocitos) fue observado por 
Zhang et al. (2002) siguiendo un protocolo similar a nuestra SM (SM 24h a DPN11).  
En los machos, el tratamiento neonatal con leptina aumentó la expresión de NG2 en el 
HC. Esto podría reflejar un mantenimiento de precursores gliales a lo largo del 
desarrollo cerebral ya que se ha observado que la leptina inhibe la diferenciación de 
precursores gliales a precursores de oligodendrocitos (Hashimoto et al., 2013). 
La expresión de GLAST está alterada en condiciones patológicas, como es la 
hipoxia/isquemia, esclerosis múltiple, esquizofrenia y epilepsia. La actividad de este 
transportador de glutamato es necesaria para la terminación de la actividad 
glutamatérgica y para la prevención del daño excitotóxico (Bianchi et al., 2014). Se 
sabe que el estrés provoca una secreción hipocampal de glutamato (Lowy et al., 1993) y 
una sobre-estimulación de este sistema puede poner a las neuronas en peligro de 
excitotoxicidad (Gould & Tanapat, 1999). Pickering et al. (2006) encontraron un 
aumento en la expresión de GLAST en el HC de machos SM (360 min de separación 
desde el DPN1-21). Nosotros mostramos un aumento en los niveles proteicos de 
GLAST en la CF de machos SM que tiende a ser compensado por el tratamiento 
neonatal de leptina, mientras que el efecto opuesto fue hallado en las hembras, de 
hecho, todas las hembras SM mostraban una disminución en los niveles de GLAST en 
la CF. Ya que GLAST se encuentra tanto en astrocitos como en otras células gliales 
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(Schmitt et al., 1997, Yatsushiro et al., 2000), la disminución en hembras SM podría 
estar relacionado con la reducción en los marcadores gliales analizados. 
- Otros efectos en hipocampo y corteza frontal:  
La expresión de ARNm para IGF1 y su receptor se vio incrementada en el HC de  
machos SM y el tratamiento con leptina normalizó dichos parámetros. Sin embargo, 
dicho tratamiento no consiguió normalizar los niveles de ARNm para IGF1 y su 
receptor en la CF de machos SM, los cuales se hallaban disminuidos con respecto del 
grupo control. Hay que tener en cuenta que IGF1 es un importante biomarcador de 
trastornos emocionales (Schmidt et al., 2011) y como se ha comentado antes la leptina 
también está implicada en respuestas de ansiedad y depresión (Stieg et al., 2015); por lo 
tanto, es probable que la leptina y el sistema IGF1 interactúen en la regulación de 
respuestas emocionales. 
Se ha observado una regulación a la baja de ARNm para CRH en el núcleo 
paraventricular del hipotálamo en ratones a DPN8 expuestos a una SM de 4, 8 y 12 h, lo 
que sugiere una modulación directa del eje HHA en este periodo neonatal (Schmidt et 
al., 2006). Por otro lado Yang et al. (2015) observaron que al bloquear la señalización 
central de CRH en animales adultos que sufrieron un estrés entre los DPN 2 y 9, no 
presentaban las alteraciones estructurales en la CF y la discapacidad cognitiva 
encontrada en los animales estresados sin dicho bloqueo de CRH. En el presente 
trabajo, la SM provocó una disminución a largo plazo en los niveles de ARNm para 
CRH en la CF de ambos sexos. Estudios previos han mostrado que CRH es capaz de 
activar la fosforilación de PKC en la CF de ratas adultas y como una inhibición de dicha 
fosforilación  protege de los efectos deletéreos sobre la CF de un estrés neonatal (Tan et 
al., 2004, Hains et al., 2009). Por lo tanto, nuestros resultados en los niveles de ARNm 
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para CRH podrían reflejar un efecto protector ante las posibles consecuencias de la SM. 
Por otro lado, debido a que nuestro protocolo de SM aumenta de una forma marcada los 
niveles de corticosterona a DPN10 y 13 (Marco et al., 2015), podríamos hablar de una 
posible alteración en la programación del eje HHA que repercutiese finalmente sobre la 
expresión de CRH. De nuevo este efecto fue dependiente de la región de estudio ya que 
no se observó dicho efecto de la SM sobre el HC. Por otro lado, el tratamiento neonatal 
con leptina disminuyó los niveles de CRH en el HC.  
Se sabe que la leptina actúa en el HT inhibiendo la secreción de CRH (Stieg et al., 
2015), por lo que podría actuar de forma similar en otras regiones cerebrales. En el HC 
de hembras la combinación del tratamiento de leptina neonatal con la SM tiende a 
normalizar los niveles de ARNm para CRH, lo que una vez más indica una interacción 
de tipo compensatorio.  
2.2 Consecuencias a largo plazo de una dieta rica en grasas en ratas 
macho y hembra sometidos a separación materna temprana.  
En este último experimento cuyos resultados discutimos a continuación, elegimos un 
desafío metabólico consistente en una dieta rica en grasas (HFD, del inglés high fat diet) 
para estudiar la respuesta metabólica a largo plazo de animales sometidos a la SM. 
Además, los resultados nos han permitido evaluar cómo se enfrentan los animales SM al 
desafío metabólico que supone esta dieta. 
De acuerdo con resultados previos de nuestro grupo (Llorente et al., 2007, Viveros et 
al., 2010a, Viveros et al., 2010b), hemos encontrado en este estudio que la SM 
disminuye la ganancia de peso y los niveles de leptina circulantes; además estos 
cambios se apreciaron durante todo el periodo que duró el experimento. Es decir, una 
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vez más hay que hacer hincapié en que los animales SM tienen afectado su 
metabolismo. Además, en este estudio mostramos que la SM aumenta la susceptibilidad 
de estos animales a algunos de los efectos negativos de ingerir una dieta rica en grasas.  
El consumo energético total de los machos SM con una dieta normal, fue 
significativamente menor que el de su grupo control, lo cual podría contribuir a la 
menor ganancia de peso observada en dichos animales. Sin embargo, durante la última 
mitad del experimento se observó en las hembras SM expuestas a una dieta normal, que 
aunque continuaban ganando menos peso con respecto a sus controles, no mostraban  
diferencias en el consumo energético diario. A la vista de estos resultados, podría 
pensarse en la posibilidad de un mayor gasto energético. Al igual que observamos en 
estudios previos (Viveros et al., 2010a), no obtuvimos cambios en los niveles de ARNm 
para los neuropéptidos orexigénicos y/o anorexigénicos debidos a la SM. Así pues, 
parece que la SM podría afectar a la organización y/o funcionalidad de los circuitos 
neuronales que controlan el apetito más que a modificaciones en la secreción de dichos 
neuropéptidos. En estudios previos con el protocolo de SM observamos alteraciones en 
el recambio celular, en niveles de ARNm para factores neurotróficos y en niveles 
proteicos para marcadores de maduración celular en el HT durante el periodo de la 
separación, y cómo dichos cambios persistían hasta tres días después (Viveros et al., 
2010a, Viveros et al., 2010b), lo que en efecto surgieren modificaciones en el desarrollo 
hipotalámico. La alteración en el desarrollo del HT podría deberse a la disminución en 
los niveles circulantes de leptina también inducidos por la SM, dado el papel 
neurotrófico de la leptina sobre los circuitos metabólicos (Ahima et al., 1999, Bouret et 
al., 2004, Bouret & Simerly, 2004). De hecho, se ha visto que modificaciones en los 
niveles neonatales de leptina inducen cambios a largo plazo en el metabolismo (Yura et 
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al., 2005, Cottrell et al., 2009, Kirk et al., 2009, Granado et al., 2011). Ahora bien, 
como nos indican otros experimentos de esta Tesis Doctoral, no todos los efectos de la 
SM pueden atribuirse a los niveles reducidos de leptina. En este sentido conviene 
recordar que durante la separación de la madre, como era de esperar, se produce una 
disminución en los niveles de glucosa circulantes, así como un aumento de 
corticosterona que aún se observa a DPN13 (Marco et al 2015), y que la SM implica 
restricción alimentaria y térmica, deshidratación y falta de cuidados maternos, por lo 
que todos estos factores pueden directa o indirectamente contribuir a los efectos a medio 
y largo plazo producidos por la SM. De hecho, en humanos se ha observado cómo la 
carencia de cuidados maternos durante las primeras etapas del desarrollo pueden tener 
graves consecuencias tanto metabólicas como comportamentales a largo plazo (Johnson 
et al., 2002, Vamosi et al., 2011, Shin & Miller, 2012). 
Como en otros experimentos de esta Tesis Doctoral y de acuerdo con estudios previos 
de nuestro grupo, se encontraron diferencias sexuales en los niveles basales de leptina 
de forma que los machos presentan mayores niveles que las hembras. Este resultado 
dependiente del sexo está en línea con otros estudios donde observaron que el 
incremento relativo en las concentraciones de leptina por incremento de grasa corporal 
era superior en los roedores machos con respecto a las hembras (Landt et al., 1998, 
Shen et al., 2009).   
La HFD consiguió aumentar los niveles circulantes de leptina en animales SM de ambos 
sexos a partir del DPN35,  mientras que en los machos no separados este aumento no se 
observó hasta el DPN85 y en las hembras no separadas la HFD no tuvo ningún efecto 
sobre estos niveles de leptina. Otros efectos de la combinación de la SM con la HFD  
fueron los niveles elevados de glucosa, insulina y triglicéridos en las hembras (DPN35).  
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Es posible que se haya visto alterada la sensibilidad central a la leptina ya que las ratas 
SM HFD siguen incrementando su ingesta a pesar del aumento de los niveles 
circulantes de leptina. Aunque, como hemos visto en estudios previos (Viveros et al., 
2010b), no se hayan encontrado cambios en los niveles de ARNm para el receptor de 
leptina debidos a la separación o a la dieta, un cambio en la sensibilidad central a leptina 
podría ser consecuencia de una redistribución del receptor de leptina y/o de cambios en 
la abundancia relativa de sus distintas isoformas (debidas por ejemplo a un proceso 
post-transcripcional) que no se ven reflejados en los niveles de ARNm del receptor, y 
que podría afectar al transporte de la leptina al hipotálamo. Además, la señalización de 
leptina podría verse afectada por un aumento en los niveles del inhibidor de la señal de 
citokinas SOCS3 (Reed et al., 2010). En nuestro estudio observamos un aumento de 
SOCS3 en las hembras SM con una HFD, lo que sugiere que las hembras pueden haber 
sido más susceptibles a desarrollar una resistencia a leptina y otras posibles 
complicaciones secundarias.  
Se ha observado que una HFD provoca una inflamación hipotalámica, lo que puede 
estar implicado en el desarrollo de obesidad y complicaciones secundarias asociadas a 
esta, dándose una inflamación central previa a la detección de marcadores sistémicos 
inflamatorios y a la resistencia a leptina e insulina observadas en individuos obesos 
(Thaler et al., 2012). En este estudio hemos observado que la HFD provocó un aumento 
en los niveles hipotalámicos de ARNm para IL-1β y TNF-α en los animales SM. 
Además esta inflamación hipotalámica fue acompañada, en los machos separados, de un 
incremento significativo de los niveles circulantes de leptina y del índice HOMA-IR. 
No podemos afirmar que las hembras tras una larga exposición a una HFD, más larga de 
la que implica nuestro protocolo experimental, pueden desarrollar una resistencia a 
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insulina, pero el hecho de que los niveles de leptina aumenten rápidamente (a PND35) 
en respuesta a la dieta y que los marcadores de inflamación hipotalámica se vieran 
también incrementados a DPN102, podrían sugerirlo. Hay que tener en cuenta que la 
mayoría de los estudios donde se observa inflamación hipotalámica inducida por una 
HFD, han sido realizados únicamente en machos y que los mecanismos implicados o la 
sensibilidad a dicha inflamación podrían diferir en las hembras. De hecho, en las 
hembras SM aunque la HFD aumentó de forma significativa los marcadores centrales de 
inflamación y los niveles de ARNm para SOCS3, también disminuyó los niveles de 
ARNm para los neuropéptidos orexigénicos mientras que aumentó los anorexigénicos. 
Por otro lado, la HFD no modificó los niveles de ARNm para los neuropéptidos 
analizados en las hembras no separadas, lo cual estaría en concordancia con resultados 
obtenidos por otros grupos (Xu et al., 2008, Priego et al., 2009, Palou et al., 2011), 
donde la respuesta a una HFD era dependiente de la edad y del sexo del individuo.  
En los últimos años se ha sugerido que los astrocitos juegan un papel importante en el 
control metabólico (Yi et al., 2011). Estas células gliales parecen activarse en respuesta 
a HFD (Hsuchou et al., 2009a, Horvath et al., 2010, Thaler et al., 2012), sin embargo, 
no observamos un aumento en los niveles de ARNm para GFAP en ninguno de los 
grupos experimentales estudiados. Una explicación a las diferencias encontradas por 
nosotros con respecto a estos grupos, sería que los astrocitos responden de manera 
distinta cuando la dieta es introducida desde el destete del animal, ya que a esta edad 
temprana los circuitos neuroendocrinos podrían ser capaces de adaptarse a dicha 
situación a lo largo del tiempo. También hay que tener en cuenta que un cambio en los 
niveles de ARNm no siempre implica cambios en los nivels proteicos de GFAP o 
cambios en la morfología astrocitaria. 
 - 304 - 
 
      Discusión 
La HDF en en la última etapa del experimento (DPN102), provocó una drástica 
disminución de los niveles circulantes de triglicéridos tanto en los grupos controles 
como en los SM. Existe controversia en la literatura con respecto a los efectos de la 
dieta sobre los niveles de triglicéridos, pero está claro que dichas diferencias son 
debidas a los componentes de la dieta, el estado metabólico del animal de estudio y la 
época de experimentación (Margolis & Dobs, 1989, Anderson, 2000, Jacobs et al., 
2004, Branchi et al., 2012, Sherman et al., 2012). Hay que tener en cuenta que los 
animales de este estudio fueron sometidos a 12h de ayuno antes del sacrificio, por lo 
que los niveles de triglicéridos hallados podrían ser el resultado a una respuesta de la 
HFD en condiciones de ayuno. Además, se ha observado que cuando al animal se le 
permite comer HFD sin restricciones, los roedores modifican sus ciclos circadianos de 
alimentación y en consecuencia sus niveles de insulina y triglicéridos son menores con 
respecto a sus controles, sin observarse cambios en los niveles de glucosa (Frier et al., 
2011).  
En resumen, algunos de los efectos provocados por la SM, como son los niveles 
reducidos de leptina, insulina y triglicéridos, así como modificaciones hipotalámicas en 
los niveles de ARNm para algunos neuropéptidos, alcanzaron niveles similares a los del 
grupo control al suministrar una HFD a dichos animales. Por otro lado, otros efectos 
metabólicos, como la ingesta o la ganancia de peso, se vieron exacerbados en los grupos 
SM HFD. 
 
  
 
Conclusiones 
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A partir de los resultados obtenidos en la presente Tesis Doctoral, pueden extraerse las 
siguientes conclusiones: 
1. El uso de un antagonista de leptina en el día postnatal 9 es capaz de bloquear la 
señal de esta hormona en el hipotálamo de ratas Wistar de ambos sexos. 
Además, corroboramos con dicho bloqueo que la leptina en la etapa neonatal 
temprana no tiene efectos sobre la ganancia de peso del animal, como si ocurre 
en animales adultos, apoyando la hipótesis de que la leptina no ejerce efectos 
anorexigénicos a esta edad temprana del desarrollo. Sin embargo, la falta de 
señalización de leptina en este periodo crítico del desarrollo, ocasiona efectos 
sobre el recambio  celular hipotalámico y altera los niveles de distintos factores 
neurotróficos importantes en el desarrollo hipotalámico. 
2. Un bloqueo de la señalización de leptina durante la elevación neonatal de la 
oleada de esta hormona (días postnatales 5 al 9) provoca efectos a largo plazo en 
diversos sistemas neuroendocrinos, entre los que destacamos el sistema 
hipotalámico de  kisspeptina. La observación de alteraciones durante la fase 
peri-puberal en los niveles de factores de crecimiento, así como en los niveles de 
neuropéptidos y/o sus receptores en ratas tratadas con un potente antagonista de 
leptina sugieren una alteración del periodo organizacional hipotalámico y 
apoyan la función de neuroprogramación que ejerce la leptina sobre el 
hipotálamo, incluyendo el sistema de kisspeptina. Nuestros datos sugieren que 
un defecto en la señalización por leptina en período neonatal podría no sólo 
afectar a la pubertad, sino también alterar la respuesta hipotalámica a numerosos 
cambios fisiológicos o retos ambientales que pueden ocurrir durante la 
adolescencia. 
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3. Un bloqueo de la oleada neonatal de leptina afecta a marcadores de plasticidad 
sináptica tanto en el hipocampo como en la corteza frontal. Además, una 
deficiencia de leptina en el periodo perinatal ocasiona alteraciones sobre los 
sistemas endocannabinoide y glutamatérgico de ambas regiones cerebrales 
demostrando nuevamente la actividad pleiotrópica de la leptina en periodos 
tempranos del desarrollo. Estos resultados respaldan el hecho de que la leptina 
ejerce un importante papel organizacional en el apropiado desarrollo de areas 
extra-hipotalámicas, como son el hipocampo y la corteza frontal.  
4. Los efectos producidos por la administración del antagonista de leptina no fueron 
coincidentes con los observados tras la separación materna, lo que nos lleva a 
pensar que, además de la deficiencia de leptina, otros factores estresantes y 
metabólicos inducidos por este estrés neonatal contribuyen a los efectos tanto 
hipotalámicos como extra-hipotalámicos de la leptina. Esta observación viene 
apoyada por los experimentos en los que se trató de paliar los efectos de la SM 
mediante administración de leptina, dado que sólo hubo una reversión o 
atenuación de algunos de esos efectos. 
5. Nuestros resultados sugieren que un exceso en los niveles de leptina durante el 
período crítico perinatal puede ocasionar efectos deletéreos en el neurodesarrollo 
por lo que unos adecuados niveles neonatales de leptina (evitando los excesos o 
deficiencias) parecen ser necesarios para una correcta neuroprogramación. 
6. A la luz de los resultados obtenidos en el experimento que incluye una 
manipulación por 5 inyecciones diarias durante el período neonatal, proponemos 
que dicha manipulación ha podido proteger a los animales separados de la madre 
y prevenir algunos de los efectos deletéreos de la SM. Este efecto de la 
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manipulación puede haber actuado aumentando la cantidad y cualidad de 
cuidados maternos una vez devueltas las crías a su madre tras la inyección cada 
día de tratamiento. 
7. Algunos de los efectos provocados por la SM, como son los niveles reducidos de 
leptina, insulina y triglicéridos, así como modificaciones hipotalámicas en los 
niveles de ARNm para algunos neuropéptidos, se atenuaron al suministrar una 
dieta alta en grasa a los animales. Por otro lado otros efectos metabólicos, como 
la ingesta o la ganancia de peso y parámetros indicativos de inflamación 
hipotalámica, se vieron exacerbados en los grupos SM con dieta alta en grasa.  
8. La existencia de diferentes respuestas metabólicas a la separación materna y a la 
dieta según el sexo del animal y el hecho de que un estrés neonatal pueda 
exacerbar ciertos cambios producidos por una dieta alta en grasa deberían 
tenerse en cuenta no sólo a la hora de interpretar resultados experimentales sino 
también en la búsqueda de tratamientos más efectivos para la obesidad y sus 
complicaciones secundarias. 
9. Los numerosos dimorfimos sexuales encontrados abundan en la importancia del 
factor sexo y en la necesidad de no extrapolar a ambos sexos los datos 
proporcionados por estudios que utilizan un solo sexo en los experimentos. 
  
 
 
  
 
Summary 
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Summary 
Experimental models for the study of the hypothalamic and 
extra-hypothalamic actions of neonatal leptin. 
 
During the last years, we have characterized a model of maternal deprivation (MD) 
during 24 h at postnatal day (PND) 9 in Wistar rats. We have found short and long term 
psychoneuroimmunoendocrine effects and described numerous sexual dimorphisms. 
Maternally deprived animals show modifications in memory and emotional responses in 
adolescence and adulthood, and neural alterations in both hypothalamic and 
extrahypothalamic brain areas, including the hippocampus (HC) and frontal cortex 
(FC), which become evident as early as PND 13. Moreover, MD animals show 
metabolic and endocrine alterations such as changes in body weight gain that extend 
until adolescence or early adulthood, as well as altered circulating levels of leptin, 
testosterone and adiponectin. One of the most interesting findings was the markedly 
reduced levels of leptin not only during the MD period, but also at PND 13. A leptin 
surge has been described during a critical neonatal period (PND5-10) in rodents, with a 
peak around PND9, which plays a neurotrophic role in the hypothalamic development. 
As indicated above, it is precisely at PND 9 when the MD protocol is performed. On the 
basis of these findings, we propose that MD at PND9-10, by drastically reducing leptin 
levels, interferes with its neurotrophic effects, and that the reduction of leptin signaling 
during this critical developmental period may be at least in part responsible for the 
neural and behavioral alterations found in MD animals. Leptin receptors are expressed 
not only in the hypothalamus, but also in others brain regions such as hippocampus and 
frontal cortex. Therefore, we also proposed that the neonatal leptin surge could have an 
important role in the development of these extra-hypothalamic areas. Based on this 
information, we established the following specific objectives in this Thesis: 1) To study 
the short-term impact of administration of a leptin antagonist during the neonatal leptin 
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peak (PND9) on hypothalamic development in 13 days old male and female rats; 2) To 
analyze the effects of leptin antagonist administration during the neonatal leptin surge 
interval (PND5-9) on: a) Hypothalamic and extra-hypothalamic (hippocampus and 
frontal cortex) development; b) Puberty onset; c) Circulating levels of hormones 
involved in reproduction and energy balance and d) The kisspeptin system, in peri-
pubertal males and females; 3) To evaluate the possible restorative effect of leptin by 
the administration of either leptin from PND 9 until PND13, and the response to a  high 
fat diet at weaning in MD animals, on: a) Hypothalamic and extra-hypothalamic 
(hippocampus and frontal cortex) development; b) Puberty onset; c) Hormones involved 
in reproduction and energy balance; d) Behavioral responses (anxiety, cognition, sexual 
behavior) and e) The kisspeptin system, in adult animals. Male and female animals were 
used in all experiments.  
With regard to the first objective, we first demonstrated that in males and females 
treated with the pegylated leptin antagonist on PND9, the response of the hypothalamic 
signal transducer and activator of transcription 3 (STAT3) to acute leptin administration 
was blocked. In females, hypothalamic mRNA levels for brain-derived neurotrophic 
factor, cocaine- and amphetamine-regulated transcript and the leptin receptor were 
increased, as were nestin and vimentin levels. There was also an increase in cell death in 
the hypothalamus, with a shift towards an anti-apoptotic balance in the Bcl2 ⁄ BAX 
ratio. No hypothalamic effects were seen in males. 
As for the second objective, we extended the duration of the antagonist treatment 
(pegylated super leptin antagonist) to daily injections between PND5-9, and analyzed 
the effects in the peri-pubertal period (PND 33 in females and PND 43 in males). No 
effect was found on body weight, but in males food intake increased, subcutaneous 
adipose tissue decreased and hypothalamic NPY and AgRP mRNA levels were reduced. 
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No effects were found in females. In both sexes, the antagonist increased hypothalamic 
mRNA levels of the kisspeptin receptor, Gpr54. Expression of the leptin receptor, 
trophic factors and glial markers were differently affected in the hypothalamus of peri-
pubertal males and females. Leptin production in adipose tissue was decreased in the 
antagonist treated rats of both sexes, with production of other cytokines being 
differentially regulated between sexes. Blockage of the neonatal leptin surge had a 
region specific effect on neurotrophic factors since in the frontal cortex (FC) the mRNA 
levels of IGF1 and its receptor were decreased in females, with no effect in males. In 
contrast, no effect was found in the hippocampus (HC) of either sex. The decrease in 
IGF1 mRNA levels was accompanied by a decrease in CRH and leptin receptor mRNA 
levels in the FC of treated females. The leptin antagonist appeared to alter glial 
maturation in the HC and FC of males (decreased vimentin expression) and in the HC of 
females (decreased NG2 and APC expression). The effect of neonatal treatment with the 
leptin antagonist on the endocannabinoid system included a decrease in CB1 expression 
in the FC of females and CB2 in the HC and FC of males. As for the other parameters 
analyzed, the antagonist treatment decreased synaptophysin levels in the HC and the FC 
of male rats, reelin levels in the FC of females and NCAM levels in FC of both sexes. 
Finally, the treatment also appeared to affect glutamatergic transmission with a decrease 
in NR1 expression in the FC of treated males and in GLT1 in the HC of females. In 
general, these results indicate that a defect in leptin signaling during a critical 
developmental period coincident with its physiological surge alters the 
neuroprograming action of this hormone on extra-hypothalamic areas.  
As for the third objective, the following main results were found: 1) Leptin treatment 
decreased weight gain in MD males, but not in controls or females; 2) In males, leptin 
normalized the MD-induced hyperinsulinemia, but increased insulin levels in controls; 
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3) MD improved glucose tolerance in both sexes, with no effect of leptin per se ; 4) 
Leptin treatment increased testosterone levels, which was coincident with pubertal 
advancement in controls, while it normalized the advancement of pubertal onset in MD 
males. Both MD and leptin modified male sexual behavior. In females, leptin 
normalized the MD-induced decline in 17β-estradiol levels, but delayed pubertal onset 
in both MD and control rats; 5) In some, but not all of the parameters analyzed in the 
HC and FC, neonatal leptin treatment reversed the effects of MD (eg., mRNA 
expression of hipocampal IGF1 and protein expression of GFAP and vimentin) and 6) 
Neonatal leptin treatment, per se, exerted a number of behavioral (increased 
locomotion) and neural effects (eg., expression of the following proteins: NG2, NeuN, 
PSD95, NCAM, synaptophysin). All these effects were sex and/or region dependent. 
Regarding the effect of HFD in MD rats we found the followings results: MD rats of 
both sexes had significantly reduced accumulated food intake and weight gain 
compared to controls when raised on the control diet. In contrast, when maintained on a 
HFD energy intake and weight gain did not differ between control and MD rats of either 
sex. However, high fat intake induced hyperleptinemia in MD rats as early as PND35, 
but not until PND85 in control males, and control females did not become 
hyperleptinemic on the HFD even at PND102. High fat intake stimulated hypothalamic 
inflammatory markers in both male and female rats that had been exposed to MD, but 
not in controls. Reduced insulin sensitivity was observed only in MD males on the 
HFD. 
In summary, the effects induced by the leptin antagonist were not coincident with the 
results observed after MD. It is plausible that other factors, including the increased 
corticosterone and the hypoglycemia induced by MD are involved in the effects of MD. 
The same idea is supported by the experiments where MD animals were treated with 
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leptin. It is worth noting that, in addition to the nutritional effects, the MD protocol 
includes dehydration, social deprivation and hypothermia. In the HFD experiment, some 
of the MD effects were not observed on the high fat diet, but others effects were 
exacerbated. Our results suggest that an excess of leptin levels induces deleterious 
effects on neurodevelopment so an adequate neonatal leptin level (avoiding excess and 
deficiency) appears to be necessary for correct neuroprograming. Some of the MD 
effects that we described in previous studies were not observed in the experiment with 
leptin administration during PND9-13. We propose that the neonatal manipulation due 
to the daily injections could somehow protect the animals from certain deleterious 
effects of the MD stress. The treatments used in this thesis appear to be valid to analyze 
the neuroprograming effect of leptin in hypothalamic and extra- hypothalamic areas. 
The numerous sexual dimorphisms described herein, highlight the importance of sex 
and the necessity of not extrapolating to both sexes the findings observed in only one 
sex.   
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The present study aimed to better understand the role of the neonatal leptin surge, which peaks
on postnatal day (PND)9–10, on the development of the hippocampal formation. Accordingly,
male and female rats were administered with a pegylated leptin antagonist on PND9 and the
expression of neurones, glial cells and diverse markers of synaptic plasticity was then analysed
by immunohistochemistry in the hippocampal formation. Antagonism of the actions of leptin at
this specific postnatal stage altered the number of glial fibrillary acidic protein positive cells,
and also affected type 1 cannabinoid receptors, synaptophysin and brain-derived neurotrophic
factor (BDNF), with the latter effect being sexually dimorphic. The results indicate that the phys-
iological leptin surge occurring around PND 9–10 is critical for hippocampal formation develop-
ment and that the dynamics of leptin activity might be different in males and females. The data
obtained also suggest that some but not all the previously reported effects of maternal depriva-
tion on hippocampal formation development (which markedly reduces leptin levels at PND 9–10)
might be mediated by leptin deficiency in these animals.
Key words: neonatal leptin, developing hippocampus, astrocytes, cannabinoid receptors
synaptophysin, BDNF
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Leptin is an adipokine produced mainly by adipocytes and is not
only involved in metabolic control but also in hypothalamic develop-
ment and, specifically, in the development of the neuronal circuits
that control metabolic function (1,2). Indeed, leptin modifies neuro-
nal outgrowth and synaptic connectivity (1,3), neurogenesis, and
neuronal and glial survival (2,4). A postnatal leptin surge occurs in
rodents, beginning around postnatal day (PND) 5 in males and peak-
ing at PND9–10. The timing and magnitude of this surge is impor-
tant for normal metabolic control and weight gain in the adult
animal (5,6). We have shown that the removal of rat pups from their
mothers for 24 h beginning on PND9 (maternal deprivation; MD)
drastically reduces the leptin circulating levels during this period of
separation, and that this is coincident with modifications in hypo-
thalamic cell turnover and levels of specific neurotrophic factors (7).
These modifications in markers of cell turnover/maturation can be
observed in the hypothalamus even at PND13, 3 days after
returning the pups with their mothers (8), suggesting a persistent
effect on hypothalamic development. Moreover, in these animals,
circulating leptin levels remain significantly lower in adulthood (8),
indicating long-term metabolic affectation in response to MD (9).
These findings led us to hypothesise that at least part of the physio-
logical changes induced by MD could be attributed to this stress,
interfering with the neonatal leptin surge, especially because MD
decreases leptin levels to practically undetectable values between
PND9 and PND10 (the peak of the leptin surge in normal condi-
tions). To test this hypothesis, we treated male and female rats with
a pegylated leptin antagonist on PND9. This antagonist blocks the
hypothalamic activation of the signal transducer and activator of
transcription 3 (STAT3 transcription factor) in response to acute lep-
tin treatment in both sexes. In females, this antagonist enhances
hypothalamic mRNA expression of brain-derived neurotrophic factor
(BDNF), cocaine- and amphetamine-regulated transcripts and the
leptin receptor, along with nestin and vimentin levels. There was also
an increase in cell death in the hypothalamus, with a shift towards
an anti-apoptotic balance in the Bcl2/BAX ratio. By contrast, no
hypothalamic effects were seen in males (10).
In addition to these hypothalamic and metabolic changes, we
also observed that the markedly decreased leptin level provoked by
MD was accompanied by diverse alterations in the developing hip-
pocampal formation in 13-day-old MD rats. These alterations
affected both neurones and glial cells (11–13), as well as the
endocannabinoid system, which has a crucial role in brain develop-
ment (12,14,15). Diverse brain metabolites were also altered when
evaluated by magnetic resonance spectroscopy (16). Many of these
changes were sexually dimorphic. In the hippocampus, leptin recep-
tors are found on neurones in the soma and at presynaptic termi-
nals of proximal dendrites, as well as in astrocytes (17–20), and
there is good evidence that leptin fulfills a neurotrophic and mor-
photrophic role in this brain region (20–28). However, and as
opposed to the hypothalamus, there is no definitive evidence of a
specific role for the neonatal leptin surge in the development of
hippocampal formation synaptic plasticity (1–3,29–31) and there is
no information available about any possible sex-differences of such
activity.
In the present study, we analysed the role of the neonatal leptin
surge on hippocampal development, focusing on diverse elements
implicated in synaptic plasticity, such as astrocytes, synaptic pro-
teins, neurotrophic factors and the endocannabinoid system.
Accordingly, we analysed the hippocampal formation of the animals
studied previously when we focused on the effect of the leptin
antagonist on hypothalamic development (10). The experimental
design employed for the present study allowed us also to evaluate
the extent to which the alterations in the developing hippocampal
formation of MD rats can be attributed to the decline in the neo-
natal leptin signal.
As described previously, the neonatal leptin surge in these rats
was blunted at PND9–10 in both male and female pups by adminis-
tering a pegylated leptin antagonist (10). The addition of a polyeth-
ylene glycol molecule to this leptin antagonist has been reported to
increase its half-life by 14.4-fold; with the anti-leptin effects being
mediated, at least in part, by inhibiting the transport of leptin
across the blood–brain barrier, thereby inhibiting its activity in the
central nervous system (10,32).
The results indicate that the physiological leptin surge occurring
around PND9–10 is critical for hippocampal formation development
and also that the dynamics of leptin activity might be different in
males and females. In addition, the data obtained suggest that
some but not all the previously reported effects of maternal depri-
vation on hippocampal formation development (which markedly
reduces leptin levels at PND9–10) might be mediated by the leptin
deficiency in these animals.
Materials and methods
Animals
Wistar albino rats of both sexes were purchased from Harlan Interfauna
Iberica S.A. (Barcelona, Spain) and allowed to acclimatise to their new envi-
ronment for approximately 2 weeks before mating. The animals were main-
tained under an 12 : 12 h dark–light cycle (red light on 08.00 h; white light
on 20.00 h) at 22  1 °C and 50  1% relative humidity. After mating
and pregnancy was confirmed, the dams were housed individually and fed
ad lib. until the end of pregnancy (commercial diet for rodents A04/A03;
Panlab, Barcelona, Spain). At birth (PND0), the litters were sex-balanced and
adjusted to eight pups per mother (four males and four females). No cross-
fostering was employed and, in all analyses, at least three different litters
were employed for each experimental group to reduce any litter effect. The
animals used in the present study were the same as those used in our pre-
vious study (10).
All animal handling and experimental procedures were performed in
accordance with the European Communities Council Directive for animal
care (2010/6 EU) and the Spanish Government0s Royal Decree 53/2013 (BOE
No. 34). Furthermore, the study was approved by the local institutional ethi-
cal committee.
Leptin antagonist treatment
Briefly, on PND9, rats received two s.c. injections of rat pegylated leptin antag-
onist (5 mg/kg bodyweight; PLR, Rehovot, Israel) dissolved 1 : 9 in saline: one
at 09.00 h and the other at 21.00 h (a total of 10 mg/kg/24 h). Control rats
were injected at the same time with the same volume of the vehicle alone
(2.5 ml/kg). After each injection, the animals were immediately returned to
their mothers. Four experimental groups of six animals were established: vehi-
cle–male, antagonist–male, vehicle–female, antagonist–female.
Tissue collection
Animals were sacrificed on PND13 by rapid decapitation during the dark
phase of the cycle (09.00–14.00 h), and the hippocampal formation was
rapidly dissected out and processed for immunohistochemical study as
described previously (12).
The hippocampal formation was frozen sectioned using a CM3050 cryo-
stat (Leica Microsystems, Wetzlar, Germany) in coronal sections of 30-lm
thickness from bregma 4.00 to 11.00 mm (33). Tissue sections were col-
lected on gelatin-coated slides (four slices per slide), air dried and stored at
30 °C until used.
Immunohistochemistry
The immunohistochemical study was performed on slices of the medial hip-
pocampus as described previously (34). Glial fibrillary acidic protein (GFAP)
immunohistochemistry was performed with a mouse monoclonal anti-GFAP
immunoglobulin (Ig)G2b (dilution 1 : 1000; BD Pharmingen, San Diego, CA,
USA; Clon 4ª11, Ref. 556327) as primary antibody, which was detected with
a peroxidase conjugated rabbit anti-mouse IgG secondary antibody (dilution
1 : 300; Sigma, St Louis, MO, USA; Ref. A3682). The type 1 cannabinoid
receptor (CB1) was analysed using a polyclonal rabbit anti-CB1 IgG antibody
(dilution 1 : 500; Ref. ABR, PA1-743) and a biotinylated donkey anti-rabbit
IgG as secondary antibody (dilution 1 : 300; Healthcare, Barcelona, Spain;
Ref. RPN 1004). A mouse monoclonal anti-synaptophysin IgG1 antibody was
used to evaluate synaptophysin expression (dilution 1 : 800; Sigma; Ref.
S5768), which was detected with a goat anti-mouse IgG biotinylated sec-
ondary antibody (dilution 1 : 300; Vector Laboratories, Burlingame, CA, USA;
Ref. BA-9200). BDNF expression was evaluated with a rabbit polyclonal anti-
BDNF IgG antibody (dilution 1 : 800; Santa Cruz Biotechnology, Santa Cruz,
CA, USA; Ref. sc-546) and a goat anti-rabbit IgG peroxidase conjugated as
secondary antibody (dilution 1 : 300; Sigma; Ref. A6154). After incubating
with the specific antibodies, the slides with the sections were washed sev-
eral times in the immunohistochemical buffer and those labelled for CB1
and synaptophysin were incubated for 90 min at room temperature with
the avidin–biotin peroxidase complex (1 : 250 dilution; ImmunoPure ABC
peroxidase staining kit; Pierce, Rockford, IL, USA; Ref. 32020). All slides were
visualised by incubating the sections for 10 min with 2 lg/ml of 3,30-diam-
inobenzidine (Sigma; Ref. D5905) in the presence of 0.025% hydrogen per-
oxide in 0.1 M phosphate buffer. The sections were then dehydrated and
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mounted with dibutyl phthalate in xylene (DEPEX; Serva, Heidelberg,
Germany).
The specificity of the immunoreactions was confirmed by including con-
trol preparations in each immunostaining batch (where the primary antibody
was omitted). In each immunostaining batch, tissue from all the experimen-
tal groups (n = 6 in each case) and the internal controls was labelled, and
three different batches were run for each primary antibody and animal.
The 4,6-diamidino-2-phenylindole (DAPI) labelling was performed by
hydrating and mounting the slides with Vectashield mounting medium (Vec-
tor Laboratories) containing DAPI (Sigma) at a concentration of 2 mg/ml.
The immunostained slides were observed under an Axioplan Microscope
SR with fluorescent illumination (Carl Zeiss, Oberkochen, Germany). The
microscope had a camera attached (Zeiss Axiocam), through which the
images were captured and then processed using AXIOVISION 40, version 4.1
(Carl Zeiss). The images shown were prepared in PHOTOSHOP, version 8.0
(Adobe Systems Inc., San Joses, CA, USA), with adjustment of both contrast
and brightness to faithfully reproduce the colours seen in the prints.
Quantitative evaluation of GFAP positive (+) cells and DAPI
labelled nuclei
The number of GFAP+ cells and DAPI labelled nuclei was evaluated with a
9 20 objective and estimated by the optical dissector method (35), using
the total section thickness as the dissector height (36), and a counting
frame size of 0.215 mm wide and 0.26 mm long. Four slides per region and
per animal were randomly selected, and three tissue sections per slide were
analysed. Two counting frames were assessed for each zone studied. Sec-
tion thickness was measured using a digital length gauge device (Heidenh-
ain-Metro MT 12/ND221; Heidenhain, Traunreut, Germany) attached to the
stage of a Laborlux 8 microscope (Leitz, Stuttgart, Germany).
All counts were performed on coded sections and, in each tissue section,
we focused on the CA1 and CA3 areas of Ammon’s horn and on the dentate
gyrus (DG). In both CA subfields, we counted the GFAP+ cells in the stratum
oriens (SO) and in the zone corresponding to the stratum radiatum-lacuno-
sum and moleculare (SRLM). In the DG, we counted GFAP+ cells in the poly-
morphic layer (pl). The study of DAPI labelled nuclei was performed in the
stratum pyramidale (SP) of the CA1 and CA3 areas, and in the granular cell
layer of the DG. In each of these zones, the nuclei of immunoreactive cells
were counted when they came into focus, at the same time as focusing
down through the dissector height. The data were expressed as the number
of GFAP+ cells per mm3.
Quantitative evaluation of CB1, synaptophysin and BDNF
density
CB1, synaptophysin and BDNF immunostaining was evaluated in high-reso-
lution digital microphotographs from coded sections obtained with the
9 10 objective, and under the same conditions of light, brightness and con-
trast. Densitometry of the selected areas was measured using IMAGEJ, version
1.383 (NIH, Bethesda, MD, USA). Four slides per region and animal were
selected randomly, and three tissue sections per slide were analysed. The
data were expressed in arbitrary units. In each tissue section, we focused on
the CA1 and CA3 areas of Ammon’s horn, and on the DG, carrying out den-
sitometry separately. In CA1, the CB1 cannabinoid receptor and synaptophy-
sin immunostaining was analysed in the SO, SP together with radiatum
(SPR), and stratum lacunosum together with moleculare (SLM). In CA3, we
analysed the SO and SPR. We carried out separate densitometrical analysis
in the DG corresponding to the molecular layer of the inner blade (InnDG),
the molecular layer of the outer blade (OutDG) and the polymorphic cell
layer (pl). For BDNF immunostaining, we analysed, for both CA subfields, the
SO, as well as the SPR. For the DG, we carried out separate densitometry in
the InnDG, the OutDG and the pl.
Statistical analysis
Data were analysed using two-way ANOVA, with the factors sex (male or
female) and pharmacological treatment (vehicle or leptin antagonist). The
criterion of normally distributed data were not always met in some popula-
tions under study and so, when necessary, data were transformed by the
Neperian logarithm function, aiming to satisfy the assumption of normality
for ANOVA. Post-hoc comparisons (Tukey’s test) were performed where appro-
priate. P < 0.05 was considered statistically significant. All statistical analy-
ses were carried out with SPSS, version 19.0 (SPSS Inc., Chicago, IL, USA).
Results
Number of GFAP positive cells
Quantitative results from GFAP immunohistochemistry are shown in
Fig. 1. Figure 2 shows representative microphotographs.
Two-way ANOVA revealed an effect of treatment in all the strata
of CA1 (SO, F1,20 = 24.762, P < 0.001; SRLM, F1,20 = 148.625,
P < 0.001) and of CA3 (SO, F1,20 = 24.762, P < 0.001; SLM:
F1,20 = 63.360; P < 0.001). The leptin antagonist induced a
significant decrease in the number of GFAP+ cells and, in SO of
GFAP positive cells
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Fig. 1. Effects of administering a leptin antagonist on postnatal day 9 on
the number of glial fibrillary acidic protein (GFAP) positive cells in the hip-
pocampal formation of 13-day-old male and female rats. GFAP positive cells
(GFAP+/mm3) were analysed in the stratum oriens (SO) and the strata radi-
atum-lacunosum-moleculare (SRLM) of the CA1 and CA3 areas, and in the
polymorphic layer of the dentate gyrus (plDG). Histograms represent the
mean  SEM (six animals per experimental group). Vh, vehicle; AntLp, leptin
antagonist. Significant differences P < 0.05: *versus males Vh; b: main
effect of the treatment; a: main effect of sex.
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CA3, there was also a significant overall effect of sex (F1,20 =
4.887; P = 0.039), with more GFAP+ cells in females than in males.
In the pl of the DG (plGD), ANOVA rendered significant effects of sex
(F1,20 = 8.278; P = 0.009) and treatment (F1,20 = 68.638; P < 0.001)
and a significant double interaction between sex and treatment
(F1,20 = 7.693; P = 0.012). Moreover, post-hoc comparisons revealed
that treated animals had fewer cells than the controls, and that con-
trol females had more GFAP+ cells than control males (Fig. 1).
In summary, administration of the leptin antagonist induced an
overall decrease in hippocampal GFAP+ cells in both sexes.
Levels of CB1
Quantitative results from CB1 densitometry are shown in Fig. 3.
Figure 4 shows representative microphotographs.
The analysis of CB1 expression, showed significant effects of sex
and treatment in all the strata of CA1 except in the SLM (Sex: SO:
F1,20 = 13.704, P = 0.001; SPR: F1,20 = 5.896, P = 0.025; Treatment:
SO: F1,20 = 14.860, P < 0.001; SPR: F1,20 = 7.137, P = 0.015), as well
as in CA3 (Sex: SO F1,20 = 9.943, P = 0.005; SPR: F1,20 = 32.702,
P < 0.001; Treatment: SO F1,20 = 10.489, P = 0.004; SPR:
F1,20 = 31.858; P < 0.001). In SPR of CA3, there was a significant
interaction between sex and treatment (F1,20 = 16.532, P = 0.001).
Post-hoc comparisons revealed a significant decrease of CB1
expression in SO of CA1 and CA3, as well as SPR of CA3 in males
administered with the leptin antagonist. In terms of sex differences
in control groups, CB1 levels in control females were lower than in
the control males in SO of CA1 and CA3, as well as in SPR of CA3.
As for plDG, ANOVA revealed significant effects of sex (F1,20 =
4.644, P = 0.044) and treatment (F1,20 = 16.462, P = 0.001), as well
as a double interaction of these parameters (F1,20 = 16.532,
P = 0.001). A post-hoc analysis showed a decrease of CB1 in males
administered with the leptin antagonist, with no effects in females.
As in Ammon’s horn, we found a clear sexual dimorphism in the
control groups, whereby control females had lower CB1 levels than
control males.
The microscope study of the molecular layer of the DG revealed
differences in CB1 expression between the outer (OutDG) and inner
(InnDG) arm in all the groups studied. Thus, we analysed each arm
separately and ANOVA revealed similar significant effects of sex (Out-
DG: F1,20 = 19.326, P < 0.001; InnDG: F1,20 = 6.755, P = 0.017) and
treatment (OutDG: F1,20 = 16.318, P = 0.001; InnDG: F1,20 = 10.391,
P = 0.004) in both arms. However, the interaction between sex and
treatment in the OutDG was at the limit of statistical significance
(F1,20 = 4.067, P = 0.057). A post-hoc analysis indicated a signifi-
cant decrease in the expression of the CB1 receptor in treated
males compared to their controls, with no significant effects of
administration in females. Regarding sex differences among control
animals, we only found significantly reduced expression of CB1 in
the OutDG of control females, although a similar trend was found
in the InnDG (Tukey’s test, P = 0.075).
In summary, the leptin antagonist induced a decrease in CB1
expression in males. Sexual dimorphism was found in terms of the
expression of this cannabinoid receptor in control animals, with
females showing lower levels than males.
Synaptophysin levels
Quantitative results from synaptophysin densitometry are shown in
Fig. 5. Figure 6 shows representative microphotographs.
The analysis of Ammon’s horn revealed significant effects of the lep-
tin antagonist in all the strata of CA1 (SO: F1,20 = 19.352, P < 0.001;
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Fig. 2. Representative microphotographs of the effects of administering a leptin antagonist on postnatal day 9 on the number of glial fibrillary acidic protein
(GFAP) positive cells in the hippocampal formation of 13-day-old male and female rats. SO, stratum oriens; SP, stratum pyramidale; ml, molecular layer; gcl,
granular cell layer; plDG, polymorphic layer of the dentate gyrus; DG, dentate gyrus. Scale bar = 50 lm.
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SPR: F1,20 = 34,257, P < 0.001; SLM: F1,20 = 101.022, P < 0.001) and
CA3 studied (SO: F1,20 = 41.628, P < 0.001; SPR: F1,20 = 18.059,
P < 0.001). In both sexes, synaptophysin expression was reduced after
leptin administration compared to the control counterparts.
Within DG, the ANOVA revealed a significant effect of the leptin
treatment on synaptophysin (plDG: F1,20 = 58.120, P < 0.001; Out-
DG: F1,20 = 51.016, P < 0.001; InnDG: 1,20 = 36.456; P = <0.001).
As in Ammon’s horn, the treatment reduced the levels of synapto-
physin immunoreactivity in both sexes, except in the OutDG, where
only significant in males animals.
In summary, the treatment with the leptin antagonist induced a
general reduction in synaptophysin levels in the hippocampal for-
mation of both males and females.
BDNF levels
Quantitative results from BDNF densitometry are shown in Fig. 7.
Figure 8 shows representative microphotographs.
ANOVA highlighted the significant interaction between sex and
treatment in all the CA1 (SO: F1,20 = 34.559, P < 0.001; SPR:
F1,20 = 59.946, P = 0.001) and CA3 strata studied (SO:
F1,20 = 42.102, P < 0.001; SPR: F1,20 = 64.160, P < 0.001). Within
CA3, we also found a significant effect of treatment (SO:
F1,20 = 4.836, P = 0.04; SPR: F1,20 = 6.928, P = 0.016). Post-hoc
analysis revealed that BDNF levels were significantly decreased in
treated males, whereas the opposite was found in females.
Similar results were obtained when studying the DG, with a sig-
nificant interaction between sex and treatment found in all the
zones (plDG: F1,20 = 70.39, P < 0.001; OutDG: F1,20 = 66.743,
P < 0.001; InnDG: F1,20 = 37.683, P < 0.001). As in Ammon’s horn,
the leptin antagonist induced a decreased in the level of BDNF in
males and an increase in BDNF expression in females.
In summary, the leptin antagonist induced opposing effects on
BDNF in males and females, and sexual dimorphism was found in
control animals with males producing higher BDNF levels than
females.
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DAPI labelled nuclei
Quantitative results and representative microphotographs from DAPI
labelled nuclei are shown in Fig. 9.
The analysis of the data from the SP of CA1 showed a significant
effect of the leptin antagonist (F1,20 = 40.152, P < 0.001), with
treated males and females showing a decreased number of DAPI
labelled nuclei. Similar results were found in the SP of the CA3 area
(i.e. a significant reducing effect of the leptin antagonist on DAPI
labelled nuclei) (F1,20 = 145.152, P < 0.001).
The analysis of the data from the granular cell layer of the DG,
showed significant effects of the leptin antagonist treatment
(F1,20 = 97.420, P < 0.001) and sex (F1,20 = 9.994, P < 0.004). Post-
hoc comparisons showed that the treatment with the leptin antag-
onist induced a significant decrease in the number of DAPI nuclei
in both sexes and that control females had less DAPI labelled nuclei
than control males.
In summary, the administration of the leptin antagonist induced
a decrease in the number of cells in all the three layers analysed
and in both sexes.
Discussion
The results of the present study show that leptin antagonism, in a
period that appears to be critical for the neurotrophic role of this
pleiotropic molecule, affects hippocampus and DG glial cells, as well
as the endocannabinoid system and elements involved in synaptic
plasticity, in a sex-dependent manner.
Attachment of a polyethylene glycol molecule to the leptin
antagonist used in the present study reduces its renal clearance
and prolongs its half-life, with circulating levels previously reported
to increase 24 h after administration to adult animals (32).
Although this antagonist does not readily enter the central nervous
system (CNS) of adult animals, it rapidly blocks the transport of
leptin across the blood–brain barrier (BBB) and it enters slowly into
different CNS regions, including the hypothalamus (32), where it
antagonises leptin at the level of its receptor. The BBB is still
immature in 9-day-old rats (the age of the animals administered
with the leptin antagonist in the present study) and, therefore, it is
likely that the antagonist is more readily transported into the CNS
at this age than in adult animals.
Administration of the leptin antagonist provoked a significant
decrease in the number of GFAP+ cells in both male and female rats
in all the hippocampal formation areas studied. Astrocytes express
various leptin receptor isoforms (20) and these cells are involved in
central leptin responses; the effects of leptin on astrocytes are ana-
tomically specific (17–19). The decrease in the number of GFAP+
cells induced by the antagonist might reflect a decrease in the num-
ber of astrocytes, a decrease in GFAP expression by the astrocytes,
or a combination of both effects. In our opinion, and in light of pre-
vious findings, the blockade of the leptin receptor is likely to reduce
the number of astrocytes. It has been suggested that leptin has an
inhibitory effect on the activation of AMP activated protein kinase
(AMPK) in hippocampal neurones and hence, an anti-apoptotic role
(37). Because astrocytes express AMPK, the blockage of leptin
actions produced by our treatment might have avoided the inhibi-
tory action of leptin on AMPK activation and produced an apoptotic
effect in these glial cells, thereby decreasing the number of astro-
cytes. Leptin is also involved in the regulation of glucocorticoids,
thyroid hormone and growth hormone levels (5), which are hor-
mones that contribute to the normal development and maturation
of the brain. Blocking leptin modulation of these hormones might
CB1 RECEPTOR
MALES
Vehicle
SP SO SPSO SP SO SP SO
SP
SO
SP
SOSP
ml
SO
SP
SO
gcl
ml
pl
gcl
pl
ml ml
gcl gcl
pl pl
C
A
1
C
A
3
D
G
Antagonist Vehicle Antagonist
FEMALES
Fig. 4. Representative microphotographs of the effects of administering a leptin antagonist on postnatal day 9 on CB1 expression in the hippocampal forma-
tion of 13-day-old male and female rats. SO, stratum oriens; SP, stratum pyramidale; ml, molecular layer; gcl, granular cell layer; plDG, polymorphic layer of
the dentate gyrus; DG, dentate gyrus. Scale bar = 50 lm.
© 2015 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2015, 0, 1–12
6 M. Lopez-Gallardo et al.
also contribute to the reduction in GFAP+ cells. Moreover, leptin can
increase the levels of BDNF after leptin receptor activation (38,39),
as well as the production of other factors needed for cell survival.
The decrease in BDNF levels induced by the leptin antagonist (also
see below) in a critical neurodevelopmental stage might also con-
tribute to a decrease in cell number. Astrocytes have a specific ana-
tomical relationship with leptin-sensitive neurones (40) and leptin
deficient ob/ob mice have fewer neurones and, consequently, fewer
glial cells and less synaptic proteins (5). Although the number of
neurones was not specifically evaluated in the present study, we did
find that the leptin antagonist induced a reduction in the number of
DAPI positive nuclei in the pyramidal cell layer of the CA1 and CA3
hippocampal areas and in the granular cell layer of the DG in both
sexes. Thus, the leptin antagonist is likely to affect the survival of
hippocampal neurones as well as astrocytes.
In both sexes, administration of the leptin antagonist also
induced a decrease in cannabinoid CB1 receptor expression in the
hippocampal formation; although, in some areas, the effects were
more marked in males. CB1 receptors are expressed in neurones
and in different types of glial cells, including astrocytes (41–43).
Hence, the decrease in CB1 expression might be associated with
the decrease in the number of DAPI positive nuclei in the SP and
granular cell layer, and with the decrease in the number of GFAP+
cells. It is noteworthy that a functional correlation exists between
leptin and CB1 receptors because the administration of the CB1
receptor antagonist, rimonabant, induced a decrease in blood leptin
levels in humans (44).
The relationship between leptin and the endocannabinoid system
(ECS) has been mostly analysed in the context of energy homeosta-
sis, in the hypothalamus (45). However, both cannabinoid and leptin
receptors are also highly expressed in the hippocampus and other
extra-hypothalamic areas and there is evidence suggesting leptin-
endocannabinoids (ECs) interactions in the limbic system. For exam-
ple, endocannabinoids are part of the leptin-regulated neural
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circuitry involved in appetite regulation and act via CB1 receptor as
orexigenic mediators in hypothalamus and limbic forebrain (46).
One of the sites of the orexigenic action of ECs implicates activa-
tion of CB1 receptors in the lateral hypothalamus, from which neu-
rones involved in mediating food reward project into the limbic
system (47). It is important to note that what is known regarding
ECS–leptin interactions in appetite regulation has been studied in
mature animals, whereas much less is known about these interac-
tions during the neonatal period. More studies are needed to clarify
the exact nature and biological meaning of these interactions dur-
ing early life (48). Another aspect in which leptin–ECs interactions
may be relevant is in emotional homeostasis because both leptin
(49) and the ECS (50) are crucial in the regulation of the stress
response. It is likely that, during the neonatal period, both hypotha-
lamic and extra-hypothalamic (limbic) circuits involving leptin–ECs
interactions are in rapid development. The results of the present
study clearly indicate that antagonism of leptin signalling affects
the developing ECS, and it is likely that this fact has functional
consequences later in life.
The present results show sex differences in CB1 receptor immu-
noreactivity among the control animals, with females showing
fewer CB1 receptor than control males. Moreover, this sexual
dimorphism occurs throughout the hippocampal formation zones
analysed in the present study, consistent with previous studies by
our own group (14,34,51), and other studies (52) at different ages,
from neonatal to adult animals. Because the animals in the present
study are prepuberal (far from the peripubertal period, which is
around PND40), the present sexual dimorphisms observed at PND13
might be attributable to the effects of gonadal steroids acting dur-
ing the perinatal critical period for sexual differentiation of the
brain (53,54). Huang et al. (2012) demonstrated the influence of
17b-oestradiol (E2) on hippocampal function, reporting that E2 sup-
presses synaptic inhibition through a sex-specific mechanism: E2
activates ERamGluR1-dependent mobilisation of AEA, which
decreases the probability of GABA release at a subset of CB1 recep-
tor containing presynaptic inputs (55). On the basis of the func-
tional relationship between CB1 receptors and leptin (44), the
existence of sex differences within control animals might be related
to the different responses of males and females to the leptin
antagonist.
The administration of the leptin receptor antagonist decreased
synaptophysin levels in the hippocampal formation of both sexes,
which may be also related to the decreased number of DAPI
labelled nuclei. A possible relationship between leptin and some
proteins involved in synaptic plasticity and dendritic morphology
has been proposed previously (24,25,56). The rapid increases in the
density of hippocampal synapses and in the proteins involved in
this process was shown to be dependent on mitogen-activated pro-
tein kinase (MAPK) signalling pathway in neurones, which is in turn
modulated by leptin. It is likely that blocking the activity produced
by the normal binding of leptin to its receptor can decrease MAPK
activity, thereby inducing a decrease in the levels of proteins
involved in synaptic plasticity, such as synaptophysin.
BDNF is another factor involved in neuronal plasticity (57) and it
has been shown that neonatal leptin administration enhances neu-
rogenesis, cell survival and synaptic plasticity in the hippocampus.
These effects appear to be a result of phosphorylation of Akt and
extracellular regulated kinase 1/2 MAPK, which results in an activa-
tion of these signalling pathways and, consequently, of transcrip-
tion factors such as CREB. In turn, this would up-regulate BDNF in
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the hippocampus, which would maintain the pro-survival state
(28,56). Thus, leptin could mediate hippocampal plasticity by induc-
ing BDNF synthesis. The results reported in the present study show
that the leptin receptor antagonist produces a decrease in BDNF
levels in males in all the areas analysed, whereas the opposite
effect is found in females (increased BDNF levels). Interestingly,
analysing the hypothalamus of the same animals used in the pres-
ent study, we previously found that hypothalamic BDNF mRNA lev-
els increased in females but not in males (10), and we concluded
that the differential effect of the leptin antagonist in males and
females could reflect the differential timing of hypothalamic devel-
opment (58). A similar explanation could be valid for the hippocam-
pal sex differences. It is important to note that control females
have significantly lower BDNF levels than control males in all the
hippocampal areas analysed, such that the differences between
treated animals could be a result of sex differences in the temporal
profile of the development of the hippocampal formation. To clarify
this issue, it would be interesting to carry out a comparative study
on both sexes evaluating the effects caused by the leptin antago-
nist before and after PND13.
As stated in the Introduction, we hypothesised that the present
study would help explain to what extent the dramatic decrease in
leptin levels in MD rats (7,8) might contribute to their altered hip-
pocampal formation development. Indeed, this model of neonatal
stress produced changes in the hippocampal formation 3 days after
MD (at PND13), including an increase in the number of GFAP+ cells,
in both the CA1 and CA3 areas of Ammons0s horn and in the
molecular and polymorphic layers of the DG, in males but not in
females; an increase in the number of Fluorojade-C+ cells (degener-
ating neurones) in the hippocampal formation of both sexes; and a
decrease in the CB1 receptor expression in Ammon0s horn and the
DG in both sexes, albeit with more marked effects in males (11–14).
In the present study, we show that the administration of a leptin
antagonist at PND9 also induces modifications in the hippocampal
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formation at PND13, although not all the effects coincide with
those induced by MD. MD involves various stressors such as hypo-
thermia, fasting and a lack of maternal care during the 24 h of
maternal separation, which are all factors that can critically influ-
ence neurodevelopment. Thus, the effects of MD might include
more complex mechanisms and other factors, above and beyond
leptin deficiency. However, both models of leptin deficiency appear
to be valid and complementary approaches to better understand
the neurotrophic actions of leptin in both hypothalamic and extra-
hypothalamic areas.
In previous studies, we found that MD induced a significant
reduction in BDNF and CB1 receptors in adolescent male and
female rats (59), as well as a reduction in BDNF and synaptophysin
expression in the hippocampus of adult MD male rats (34,60). These
data suggest that interfering with the physiological leptin surge
may have persistent, long-term effects. We are currently analysing
the long term effects of the leptin antagonist, which will contribute
to our understanding the neuro-programming effects of neonatal
leptin in extrahypothalamic regions.
In conclusion, our data suggest: (i) that reduced leptin levels in
MD rats might account for at least some of the deleterious effects
of MD on hippocampal formation development and (ii) that the
neonatal physiological peak of leptin is not only important for
hypothalamic development (10,29), but also for hippocampal forma-
tion development.
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Early  life  stress,  in the form  of MD  (24  h  at pnd  9),  interferes  with  brain  developmental  trajectories
modifying  both  behavioral  and  neurobiochemical  parameters.  MD  has  been  reported  to enhance  neu-
roendocrine  responses  to stress,  to  affect emotional  behavior  and  to impair  cognitive  function.  More
recently,  changes  in  body  weight  gain,  metabolic  parameters  and  immunological  responding  have also
been  described.  Present  data  give  support  to  the  fact  that  neuronal  degeneration  and/or  astrocyte
proliferation  are  present  in  specific  brain  regions,  mainly  hippocampus,  prefrontal  cortex  and
hypothalamus, which  are  particularly  vulnerable  to  the effects  of  neonatal  stress.  The  MD  animal  model
arises  as  a valuable  tool  for  the  investigation  of  the brain  processes  occurring  at the narrow  time  window
comprised  between  pnd 9 and  10 that  are  critical  for the establishment  of  brain  circuitries  critical  for
the  regulation  of behavior,  metabolism  and  energy  homeostasis.  In  the present  review  we will  discusseptin
eurobehavioral manifestations
aternal  deprivation
at
tress
ex  differences
three  possible  mechanisms  that  might  be  crucial  for the  effects  of  MD,  namely,  the  rapid  increase  in
glucocorticoids,  the lack  of  the  neonatal  leptin  surge,  and  the  enhanced  endocannabinoid  signaling  during
the  specific  critical  period  of MD.  A  better  understanding  of the  mechanisms  underlying  the  detrimental
consequences  of  MD  is a concern  for  public  health  and may  provide  new  insights  into mental  health
prevention  strategies  and  into  novel  therapeutic  approaches  in  neuropsychiatry.
© 2015  Published  by  Elsevier  Ltd.ontents
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. Early life stress
In  spite of the importance of genetic factors as determinants of
dult behavior, the critical relevance of environmental factors in
rain development is gaining ascendancy (Caspi and Moffitt, 2006;
nafo and Jaffee, 2013). From the prenatal period through the first
ears of postnatal life the brain undergoes rapid development, and
s highly sensitive to the influence of external experiences, both
ositive and negative. There is now compelling evidence that expo-
ure to stressful environments during prenatal or early neonatal life
ay  alter development and predispose the individual to lifelong
ealth problems, including susceptibility to mental illness (Bale
t al., 2010). Clinical studies indicate that there is an association
etween early adverse experiences and an increased risk for the
evelopment of mental disorders (Kendler et al., 2002; Morgan
nd Fisher, 2007); however, these studies are based on associa-
ions or correlations and do not provide evidence of a cause-effect
elationship. In this regard, animal models have provided an exten-
ive literature supporting a causal relationship between early-life
tress and psychopathology (Heim and Nemeroff, 2001; Teicher
t al., 2006).
Brain development occurs during gestation and continues after
irth through early postnatal stages, adolescence and until adult
rain maturation is reached. However, brain development is not a
niform process, but a discontinuous one characterized by regional
synchrony (Giedd et al., 2009). The timing of brain development
iffers from one region to the other, and also between the different
eural substrates, i.e. neurotransmitter systems, central endocrine
ircuitries, etcetera. These discontinuities in brain development
re part of the so-called critical periods of brain development,
eriods of increased vulnerability to insults which are specific
or each brain region or neurotransmitter systems. Among critical
eriods, the early postnatal period emerges as a highly sensi-
ive period to environmental stimuli. Exposure to stressful events
uring the postnatal period may  disrupt the programmed brain
evelopment, thus altering brain maturational endpoints, and con-
equently, increasing the risk for aberrant behavioral outcomes that
ay  lead into adult psychopathology (Andersen et al., 2008; Marco
t al., 2011; Meyer and Feldon, 2010).
In this regard, animal models are essential to understand the
eurobehavioural outcomes of certain developmental manipula-
ions. Actually, animal studies complement human observational
nd longitudinal studies, and offer a valid strategy to reveal the
omplex neurobiological mechanisms underlying anomalies in
rain development caused by exposure to environmental insults
hat may  result in aberrant behavioral outcomes typical of cer-
ain neuropsychiatric disorders (Branchi and Cirulli, 2014; Cirulli
t al., 2009; Nestler and Hyman, 2010; Teicher et al., 2006). Despite
he wide variety of animal models of early life stress, an impor-
ant amount of them have been developed upon the disruption of
he ‘natural’ patterning of dam-offspring interaction in mice and
ats (see for example: Cirulli et al., 2009; Levine, 2005; Marco et al.,
009; Nishi et al., 2014). In rodents, the separation of pups from the
am during early postnatal life, typically from postnatal day (pnd)
–14, has provided with an important contribution to understand
-356 . . . . .  . . .  . .  . . .  . .  . . .  . . . . .  . .  . . . . . . .  .  . . . . . . .  . . . . . .  .  . . . .  . . . . .  .  . . .  .  .  .  . . . . . . . . . .  161
the  consequences of early life stress. A review on the different
experimental protocols currently available for the application of
maternal separation (specific age for separation, litter versus pup
separation, duration of the separation episode, etc) is far beyond
the scope of the present review. Herein, we will review the cur-
rent literature on the consequences of a prolonged single episode
(24 h) of maternal deprivation on pnd 9, the so-called early mater-
nal deprivation animal model (MD), with a special emphasis in
revealing some of the developmental signals – i.e. glucocorticoids,
leptin and endocannabinoid (eCB) system – critically affected by
the MD episode that may  critically compromise adult metabolism
and behavior.
2.  The maternal deprivation (MD) animal model
Since the 90s decade, an extensive body of literature has
investigated the short and long-term consequences of MD.  Inves-
tigation first focused on the disruptive role of MD in the normal
development of the HPA axis (Rots et al., 1996; van Oers et al.,
1997), but it was  Ellenbroek et al. (1998) who  first proposed MD as
“an interesting animal model for studying (aspects) of schizophre-
nia”. At present, our concept of MD is more than that of an animal
model of early-life stress highly suitable for the investigation of
certain psychiatric disorders with a developmental origin, such as
schizophrenia and depression. During the last decades, we (and
others) have extended our knowledge on the behavioral conse-
quences of this stressful procedure, we  have analyzed its outcomes
from different perspectives, and we have investigated such con-
sequences at different time points, i.e. infancy, adolescence and
adulthood (see Ellenbroek et al., 2005; Ellenbroek and Riva, 2003;
Marco et al., 2009, 2011 for reviews). The MD  animal model has
emerged as a valuable tool for the investigation of the brain pro-
cesses occurring at a narrow time window – comprised between
pnd 9 and 10 – that exert a critical control over the normat-
ive development of the brain circuitries that will regulate adult
behavior, metabolism and energy homeostasis, as well as immuno-
logical and nociceptive responses.
However, the MD protocol should not be considered exclusively
as a separation stress, but a combination of stressors of different
nature. First, the lack of maternal care during the 24 h seems to play
a pivotal role, although nursing behaviors and/or tactile stimulation
seem to augment immediately after dam-litter reunion, i.e. increase
in licking-grooming frequency (Llorente-Berzal et al., 2011), thus
suggesting that the dam may  buffer or compensate the negative
consequences of maternal deprivation, as suggested for periodic
maternal separation (Macri et al., 2008). The lack of nutrients during
the whole deprivation period may  also play a critical influence.
Indeed, a dramatic decrease in leptin levels, which main source at
this age is the maternal milk, was  described together with an impor-
tant hypoglycemia during the MD episode (Viveros et al., 2010a).
Moreover, MD may  not only affect maternal behavior, but also milk
production (Ellenbroek and Cools, 2002), providing an additional
nutritional factor that may  account for some of the effects of MD.
Last, but not least, the decrease in body temperature – hypother-
mia – due to the lack of a mature thermal regulatory system in
-
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he neonates may  also give a contribution. Actually, temperature
as long been known to be critical for the observation of some of
he effects of maternal separation, i.e. response to amphetamine
Zimmerberg and Shartrand, 1992). Taken together, each stressor
ay act as a crucial factor for this animal model of early-life stress;
owever, it is the combination of the three to play the difference.
Furthermore, the choice of the specific age window at which
he maternal deprivation protocol is applied is critical for the out-
omes. Only if MD  is performed at pnd 9 is this protocol effective
s an animal model of early life stress. In the seminal study by
llenbroek et al. (1998), the disturbance of pre-pulse inhibition was
he strongest when MD was performed at pnd 9 compared to MD
t pnd 3 and 6. Accordingly, in a more recent study, the impairment
n emotional long-term potentiation (LTP) reinforcement was only
vident in adolescent animals exposed to MD at pnd 9, and not at
nd 4 and 18. Similarly, only the animals exposed to MD at pnd 9
howed a long-lasting reduction in body weight gain (Gruss et al.,
008). More recently, the cellular effects of MD were reported to
e stronger when MD  occurred at pnd 9 rather than at pnd 4 (Xu
t al., 2011). It is now clear that the time period selected for MD
 from pnd 9 to 10 – is critical for the detrimental outcomes of
his animal model, although the neurobiological basis underlying
his sensitivity remains to be elucidated. The biological relevance of
his specific time window will be extensively discussed in the next
ection, and several players undergoing important developmental
nd maturational processes during this time frame will be proposed
s candidates for the underlying neurobiological substrates of MD
Section 6).
.  Behavioral, metabolic and immunological consequences
f  maternal deprivation
.1.  Behavioral consequences of maternal deprivation
MD has been reported to induce important behavioral alter-
tions in the short and the long-term (see Table 1). Important
ndocrine alterations related to stress reactivity have also been
escribed in this animal model (Lehmann et al., 2002; Levine
t al., 1991; Rentesi et al., 2010; van Oers et al., 1998). Augmented
evels of ACTH and corticosterone have been described during the
D episode (Viveros et al., 2010a) and afterwards (Llorente et al.,
008; Rentesi et al., 2010; Viveros et al., 2009 for positive results;
lorente-Berzal et al., 2011 for negative results); as well as an
nhanced ACTH response to stressful stimuli (Suchecki et al., 1993).
yperactivity of the HPA axis has long been related to depression,
nd, in this regard, MD  has also been related to the emergence of
epressive symptoms. Indeed, we have reported a depressive-like
henotype in the forced swim test in adolescent animals exposed
o MD;  these MD  adolescent animals exhibited a reduced latency
o reach a passive floating posture together with longer immobility
imes (Llorente et al., 2007). A more recent study has extended this
nding until adulthood; an increase in the time spent in immobility
n the forced swim test was reported for both male and female adult
D rats (Zamberletti et al., 2012).
MD animals seem to display a decrease in locomotion. In infant
ats (pnd 12–16), a decrease in walking, rearing behavior and
rooming was  reported (Ellenbroek et al., 2005). Similarly, in ado-
escent animals we have observed a reduction in rearing behavior
n MD  males in the holeboard, as well as a diminished locomo-
or activity in the elevated plus maze as indicated by a reduction
n the number of closed arm entries (Llorente et al., 2007). How-
ver, at adolescence, MD male animals also showed a trend for
igher impulsivity levels together with an increase in the locomo-
or response to novelty when compared to control animals (Marco
t al., 2007). In this regard, a similar behavioral pattern has been
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recently  observed in adult animals. In adult females, MD  increased
the distance moved in the open field (Burke et al., 2013); and in
adult males, MD enhanced the motor reaction to novelty: MD ani-
mals showed a higher distance traveled, as well as an increase in
the number of ambulatory and vertical counts (Rentesi et al., 2013).
MD has been reported to induce behavioral anomalies simi-
lar to those frequently described among schizophrenia patients.
MD has been reported to disrupt the prepulse inhibition (PPI) of
startle, a measure of sensorimotor gating frequently altered in
schizophrenia (Li et al., 2009). Impairments in PPI response have
been frequently reported following MD  (Ellenbroek and Cools,
2000, 2002; Ellenbroek et al., 1998, 2004; Husum et al., 2002),
although a lack of effects has also been observed (Choy et al., 2009;
Lehmann et al., 2000; Llorente-Berzal et al., 2011). Failure in the
observation of PPI impairments has been related to strain differ-
ences (e.g. variety of vendors or substrains), and/or to differences
in the environmental manipulation of animals (e.g. extensive hand-
ling and daily injections during adolescence). Similarly, deficits in
latent inhibition have been observed in MD  animals. Latent inhibi-
tion seems to reflect the ability to ignore irrelevant stimuli (slower
acquisition of conditioned responding after pre-exposure to the
conditioned stimulus), and is widely considered to relate to the
cognitive abnormalities that characterize schizophrenia (Gray and
Snowden, 2005). In addition, disturbances in both the auditory sen-
sory gating and the startle habituation have also been described
following MD (see Ellenbroek and Riva, 2003 for review).
In  the recent years, we  have also investigated possible emotional
and cognitive consequences of MD in adolescent and adult animals.
No differences in the behavior elicited by adolescent MD  animals in
the elevated plus maze (EPM) have been reported (Llorente et al.,
2011; Marco et al., 2013). However, at adulthood, MD  males –
but not females – showed a significant increase in the time spent
exploring the open arms of the maze, thus suggesting an anxiolytic-
like effect and/or an enhanced risk-taking behavior (Burke et al.,
2013; Llorente-Berzal et al., 2011), despite discrepant results have
also been reported; a reduction in the time spent in the center of
an open field was  observed in adult male MD rats compared to
controls (Rentesi et al., 2010). Notably, in the social interaction
test no differences were reported between MD and control ani-
mals, while a significant increase in the frequency of aggressive
behaviors was  observed only among MD females (Zamberletti et al.,
2012). Regarding cognition, important deficits in cognitive func-
tion have been reported following MD;  in adult animals a decrease
in the discrimination index in the novel object test (NOT) was
reported for both male and females, as well as a trend for a reduced
novelty seeking (Llorente et al., 2011). Remarkably, at adolescence,
a similar impairment in recognition memory in NOT – a decrease
in the discrimination index – was  exclusively observed among MD
females (Marco et al., 2013).
3.2. Effects of maternal deprivation on body weight and
metabolism
Increasing literature supports the fact that early life events,
including stress, can have long-term implications in metabolism,
modifying body weight and the energetic status (Bale et al., 2010;
Fuente-Martin et al., 2012); accordingly, MD has been reported to
persistently affect animals’ body weight and energy balance. In par-
ticular, MD has been reported to induce a long-lasting reduction in
body weight in both male and female animals; such differences
in body weight were evident through infancy and adolescence
(Ellenbroek et al., 2005; Llorente et al., 2007, 2011; Marco et al.,
2013), lasted until early adulthood (Burke et al., 2013; Gruss et al.,
2008; Viveros et al., 2010b) and, sometimes, persisted into more
advance adulthood (Husum et al., 2002; Mela et al., 2012b; Rentesi
et al., 2010). In this regard, a decrease in food intake, evaluated
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Table  1
Summary of the main behavioral long-term effects of maternal deprivation (MD), a single separation episode of 24 h on postnatal day 9.
Adolescents Adults Reference
Motor behavior
↓  rearing in HB and locomotor activity in EPM (♂). Llorente et al. (2007)
↑ locomotor response to novelty and a trend for higher
impulsivity levels in the intolerance-to-delay task (♂). Marco  et al. (2007)
↑ distance moved in the OF (♀). Burke et al. (2013)
↑ locomotor response to novelty (♂). Rentesi et al. (2013)
Emotional responses
No  changes in the EPM. Llorente et al. (2007)
↑ time spent in immobility in FST, depressive-like
phenotype.
↓  time spent in the center of the OF, anxiety-like
behavior.
Husum  et al. (2002)
↑ time in open arms in EPM, reduced anxiety-like
behavior/increased risk-taking behavior (♂). Llorente-Berzal et al. (2011)
No changes in the EPM. Llorente et al. (2011)
↑ time spent in immobility in FST, depressive-like
phenotype.
Zamberletti et al. (2012)
↑  aggressive behavior in SI (♀).
↑  time in open arms in EPM, reduced anxiety-like
behavior (♂). Burke et al. (2013)
No changes in the time spent in the center of the OF.
No changes in the EPM. Marco et al. (2013)
Cognitive function
↓ response in PPI. Ellenbroek et al. (1998, 2004), Ellenbroek and
Cools (2002), Husum et al. (2002).
No  changes in the SAT Llorente et al. (2011)
↓ discrimination index in NOT, impaired recognition
memory.
No cognitive deficit in NOT. Zamberletti et al. (2012)
No  changes in PPI response. Llorente-Berzal et al. (2011)
↓ discrimination index in NOT, impaired recognition
memory (♀). Marco et al. (2013)
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s energy consumed (kcal), has been observed in MD animals com-
ared to controls on a normal diet. Since the effects on body weight
ain persisted over the reduction in energy consumption, which
as no longer observed by the end of the study, an important
etabolic affection in these animals due to the MD  episode was
roposed (Mela et al., 2012b).
In this regard, it is worth mentioning that leptin levels peak dur-
ng postnatal development, around pnd 10 (Cottrell et al., 2010).
onsequently, the MD  episode seems to disrupt this developmental
ignal, and changes in leptin levels have been consistently reported.
mmediately after the MD  episode, a rapid decline in plasma leptin
evels was reported (Salzmann et al., 2004). Similarly, we  found
eptin levels to be almost undetectable 12 h after the onset of
D and the levels remained decreased even 12 h after litter-dam
eunion (Viveros et al., 2010a). An increase in the mRNA levels for
eptin Receptor (ObR) was described during the MD  episode in ani-
als of both sexes (Viveros et al., 2010a); possibly an adaptive
esponse to the decline in circulating leptin levels. Surprisingly,
he decrease in leptin levels associated to MD  was  long lasting.
e observed reduced levels of leptin in MD  neonate rats, pnd 13
Viveros et al., 2009), and in MD adult animals (Llorente-Berzal
t al., 2011; Llorente et al., 2011; Viveros et al., 2010b), how-
ver, such effects were no longer detected at adolescence, pnd 35
Viveros et al., 2010b). Alterations in central leptin sensitivity have
lso been suggested in MD animals (Mela et al., 2012b); although
o changes in the hypothalamic mRNA levels for the Leptin Recep-
or (ObR) were observed at adulthood (Mela et al., 2012b; Viveros
t al., 2010b). Therefore, the long lasting decrease in leptin levels
ay underlie the altered metabolic status observed in MD animals.
owever, this reduction in leptin levels might not be exclusively
ue to the lack of nutrition during the deprivation episode, but
-358 otherwise the effect should be generalized for the two sexes. Effects are indicates
, open field; FST, Forced Swim Test; SI, Social Interaction; PPI, pre-pulse inhibition;
to  an altered metabolic programming elicited by the MD-induced
disruption of the postnatal leptin peak.
In addition, we have investigated alternative metabolic factors
that may  underlie the long lasting effects of MD on body weight. A
dramatic decrease in blood glucose levels was  observed during the
MD episode and 12 h after (Viveros et al., 2010a). However, MD-
induced hypoglycemia was  no longer observed during adolescence
or adulthood; only MD females at an early adolescent age (pnd
35) showed a lower glycemia than controls (Mela et al., 2012b).
Insulin levels were slightly affected by MD.  During the MD  episode,
the fluctuation in insulin levels observed for control males was  no
longer evident among MD males; for females, no changes in insulin
levels were observed neither among control or MD females (Viveros
et al., 2010a). In the long-term, MD  decreased insulin levels in a sex-
dependent manner at specific time points, the diminished insulin
levels in MD animals compared to controls were first observed in
females (pnd 65) than in males (pnd 85). However, no changes in
insulin sensitivity, measured by the calculation of the homeosta-
sis model assessment (HOMA) index, were reported (Mela et al.,
2012b). No changes in total triglycerides were observed; only at
pnd 35 did MD  induce a reduction in triglycerides among females,
at older ages MD seem not to affect plasma total triglycerides. A
tendency for reduced adiponectin levels was observed, although a
significant reduction was only evidenced among MD adult females
when compared to their corresponding controls (Viveros et al.,
2010b).
The hypothalamic expression of several neuropeptides involved
in food intake and energy homeostasis has also been investi-
gated. In our hands, MD did not modify hypothalamic mRNA levels
of several orexigenic and anorexigenic neuropeptides (i.e. neu-
ropeptide Y (NPY), proopiomelanocortin (POMC), Agouti-related
-
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eptide (AgRP), and cocaine and amphetamine-regulated tran-
cript (CART)), in either sex at different postnatal ages (Mela et al.,
012b; Viveros et al., 2010b). Although we did not find any change
n these neuropeptides, MD  seems to critically affect hypothalamic
evelopment possibly due to the altered leptin profile induced by
D during the postnatal period. The putative role played by the
isrupted leptin signal during brain development will be discussed
n depth in the next section (Section 6.2).
.3. Effects of maternal deprivation on immune response and
ociception
Remarkably, these behavioral and endocrine alterations are
ccompanied by changes in the immune system (De la Fuente et al.,
009; Llorente et al., 2007; Marco et al., 2009). Impairments in the
mmune response have been described in MD rats along their life-
pan. We  first reported, in adolescent MD  animals, a decrease in
ymphocyte proliferative response to mitogens, i.e. concanavalin
, in lymphoid organs (thymus, spleen, and axillary nodes), as well
s a diminished chemotaxis index (Llorente et al., 2007). Then, to
haracterize the dynamic immunological changes due to MD,  we
nalyzed neonate and adult animals. In both cases a decrease in
he activity of natural killer (NK) cells was observed in thymus,
nd in spleen only in adults (De la Fuente et al., 2009). As for ado-
escent animals, a decrease in the lymphoproliferative response to
itogens, i.e. lipopolysaccharide (LPS) was observed in the ana-
yzed lymphoid organs (thymus and spleen), together with the
educed chemotaxis index in neonates (De la Fuente et al., 2009).
otably, the immunological abnormalities observed in the immune
esponse as a consequence of MD  were similar between male and
emale animals.
More  recently, possible alterations in nociception have been
nvestigated in MD  animals. Nociceptive responding to mechani-
al and thermal stimuli were analyzed by using the Von Frey and
he Hot Plate test, respectively, as well as responding to a innocu-
us cold stimulus in the Acetone drop test (Moriarty et al., 2012).
D seemed to exclusively affect nociceptive parameters among
emales. MD  female, but not male, rats exhibited thermal hypoal-
esia and a reduced nociceptive threshold to mechanical stimuli.
owever, following peripheral nerve injury (L5–L6 spinal nerve
igation), MD  females displayed an enhanced mechanical and cold
llodynia. Thus, MD,  exclusively among female rats, enhanced noci-
eptive responding to peripheral nerve injury, an effect that might
e mediated by a differential neuroinflammatory profile (i.e. lower
xpression of interleukin 1 in the prefrontal cortex) present in
emale versus male rats (Burke et al., 2013).
. Neurobiological changes induced by maternal
eprivation
.1. Brain cellular changes induced by maternal deprivation
Neurodegenerative effects as well as effects on glial cells have
een described following MD  in certain brain regions (see Table 2
or the hippocampal formation changes). An increase in the number
f cells positively stained with Fluoro-Jade C (FJ-C+ cells), a widely
ccepted marker of degenerating nerve cells (Schmued et al., 2005)
as generally observed following MD  at pnd 13: in the hippocam-
al formation both in male and female MD  animals, although only
n the cerebellum of male animals. In these studies, dual-labeling
xperiments further established the neuronal nature of those FJ-C+ells (López-Gallardo et al., 2008; Llorente et al., 2009a,b). We found
 lower expression of NeuN immunoreactivity in the hippocampal
ormation and the prefrontal cortex of MD adolescent animals (pnd
0) when compared to their control counterparts, by using NeuN,
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a  broadly used specific marker for neurons (Mullen et al., 1992),
that could be considered as an evidence of neuronal loss (Marco
et al., 2013). This neuronal loss in adolescent MD animals might
result from the MD-induced increase in neuronal neonatal degen-
eration or from the MD-induced increase in apoptosis. However,
a decrease in neurogenesis during neurodevelopment due to MD
cannot be excluded since a decrease in hippocampal neurogene-
sis has also been reported following several protocols of early life
stress (Lajud et al., 2012; Mirescu et al., 2004; Oreland et al., 2010).
In previous studies, we  have consistently reported an increase
in the number of GFAP positive (GFAP+) cells, i.e. astrocytes, in the
hippocampal formation of neonate MD animals, with the increase
being exclusive of males (Llorente et al., 2008) or higher in MD
males compare to MD females (Llorente et al., 2009a,b). Similarly,
in the cerebellum, MD induced an increase in GFAP+ cells that was
only observed of MD males, with no changes being observed among
females (López-Gallardo et al., 2008) or even a slight decrease
(Llorente et al., 2009a,b). Similar results were achieved at adoles-
cence, where an increase in GFAP protein expression levels was
described for the hippocampal formation of male MD animals; and
a similar trend was observed for the frontal cortex (Marco et al.,
2013). Accordingly, in adult animals, a significant increase in GFAP+
cells was  observed in MD male animals compared to their con-
trol counterparts, and not among female animals (López-Gallardo
et al., 2012). The increase in GFAP+ immunoreactive astrocytes
could indicate a reactive gliosis, generally associated to neurode-
generative modifications (Eng and Ghirnikar, 1994). Therefore, MD
may  induce a sex-dependent increase in GFAP levels, exclusively
in males, that seem to be long lasting, from the neonatal period
until adulthood, and that may  accompany the neuronal cell death
induced by the adverse life event.
Accordingly, in another study using magnetic resonance tech-
niques (high resolution magic angle spinning, HR-MAS, proton
spectroscopy) ex vivo to the hippocampal formation of infant MD
animals (pnd 13), we  found an increase in the levels of phos-
phorylethanolamine (PEA) and total choline (tCho), the former
exclusively found in males (Llorente et al., 2012). Since PEA, as
a constituent of brain phospholipids, and tCho have been related
to the integrity of cell membranes (Govindaraju et al., 2000;
Uchiyama-Tsuyuki et al., 1994; Ziegler et al., 2001), and the two
are modified in the same direction by MD (i.e. increase), these data
suggest rapid hippocampal changes in membrane cell turnover,
that may  reflect anomalies in processes of cellular membrane
synthesis (astrocyte proliferation), destruction (neurodegenerative
processes) or both. Taken together, in response to the MD  episode,
the hippocampal formation seems to respond with a rapid increase
in the rate of neuronal cell death and concomitant astrocyte activa-
tion; changes that persist at least until adolescence. Similar results
might be suggested for the prefrontal cortex, although immuno-
histochemical studies confirming neuronal degeneration and glial
activation in the short term are still needed.
Additionally, oligodendrocytes also seem to be sensitive to the
effects of MD.  Differences in oligodendrocytes precursors, indicated
by a decrease in NG2 levels, were found in the hippocampal forma-
tion of adolescent male and female MD  animals, without changes
in frontal cortex or in the levels of mature oligodendrocytes, indi-
cated by APC expression levels (Marco et al., 2013). In line with
this finding, an increase in the rate of cell death, mostly oligoden-
drocytes, was observed in white matter tracts following a protocol
of early life stress (MD  at pnd 11) (Zhang et al., 2002). Results
from a study of HR-MAS indicated that MD induced an increase
in the hippocampal formation levels of phosphorylethanolamine
(PEA)  (Llorente et al., 2012), a change that may  be associated to
an altered myelinization process (Bluml et al., 1999), confirming
that the MD episode may  disrupt or retard oligodendrocytes
maturation,  possibly interfering with the myelinization process,
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Table  2
Principal long-term effects of MD on hippocampal cell markers as a consequence of MD.
Biological marker Reference
Neonatal period
IHC:  ↑GFAP+ cells (♂) GFAP,  astrocyte cell marker Llorente et al. (2008)
IHC: ↑FJ-C+ cells (♂ > ♀) FJ-C, degenerating cells Llorente et al. (2009a,b)
IHC: ↑GFAP+ cells (♂ > ♀) GFAP, astrocyte cell marker
Adolescent period
WB:  ↓NeuN (♂ = ♀) NeuN, neuronal marker. Marco et al. (2013)
WB: ↑GFAP (♂) GFAP, astrocyte cell marker
WB:  ↓NG2 (♂ = ♀) NG2,  oligodendrocyte precursors
WB:  = APC APC, mature oligodendrocytes
Adulthood
IHC: ↑GFAP+ cells (♂) GFAP, astrocyte cell marker López-Gallardo et al. (2012)
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mmunohistochemistry, IHC; glial fibrillar acidic protein, GFAP; western Blotting, W
nd affecting brain connectivity. Thus, oligodendrocytes seem to
e a sensitive target to the MD  effects, although additional research
s still needed in order to investigate the consequences of early life
tress in the temporal and regional maturation of oligodendrocytes
s well as in mielinization processes. Additional studies aimed at
he investigation of brain connectivity are needed to confirm this
ypothesis.
In the recent years, given the effects of MD on animals’
etabolism and energetic homeostasis, the hypothalamus has also
risen as an interesting potential target for analyzing the conse-
uences of MD  (see Table 3 for the hypothalamic changes). No cell
eath, analyzed by an ELISA which detects cytoplasmic histone-
ssociated DNA fragments, was observed in the hypothalamus
uring the MD  episode (Viveros et al., 2010a) or at established time
oints thereafter, i.e. pnd 13, 35 and 75 (Viveros et al., 2010b).
egarding cell proliferation, analyzed by the evaluation of anti-
roliferating cell nuclear antigen (PCNA) levels, a decrease in PCNA
evels was observed in males short after MD (12 h after), while a
ignificant increase was found at pnd 13. In females, the decrease
n PCNA levels was observed immediately after MD (24 h depri-
ation), but no differences were observed in the short, pnd 13,
nd long term, pnd 35 and pnd 75 (Viveros et al., 2010a,b). No
hanges were observed in the levels of the pro-apoptotic protein
ax or of those of the anti-apoptotic protein Bcl2 neither dur-
ng the MD  episode (Viveros et al., 2010a) nor in the long-term
Viveros et al., 2010b), only at pnd 13 an increase in Bax levels
as observed in MD  males (Viveros et al., 2010b). The profile of
estin variations, a marker of immature neurons, from pnd 9 to pnd
0 was similar in control and MD  male animals; although, among
emales, a decrease immediately after MD  was observed. At pnd 13,
able 3
rincipal long-term effects of MD on hypothalamic cell markers as a consequence of MD.
During MD episode Neonates Adolescents 
ELISA: = cytoplasmic
histone-associated DNA fragments
ELISA: = cytoplasmic
histone-associated DNA
fragments
ELISA:  = cytoplas
histone-associate
fragments
WB:  ↓ PCNA (Immediately after ♀,
12  h after ♂) WB:  ↑ PCNA (♂) WB:  = PCNA (♂) 
WB:  = Bax WB:  ↑ Bax (♂) WB:  = Bax 
WB:  = Bcl2 WB:  = Bcl2 WB:  = Bcl2 
WB: = nestin (♂);
↑nestin (♀, immediately after) WB: ↑ nestin (♂ > ♀) n.d. 
– WB:  = TUJ-1 WB:  = TUJ-1 
WB: ↓GFAP (♂, immediately after,
and 12 h after); = GFAP (♀) WB:  = GFAP WB:  = GFAP 
WB: ↓ vimentin (♂,12 h after); =
vimentine  (♀) WB:  = vimentin WB:  = vimentin 
n case the effect was  only observed or studied in one sex, it is indicated in parenthesis; ot
mmunoassay, ELISA; western Blotting, WB;  anti-proliferating cell nuclear antigen, PCNA
,  no change; n.d., not detectable. Data extracted from Viveros et al. (2010a,b).
-360sis; otherwise the effect should be generalized for the two  sexes. Abbreviators:
ects are indicates as ↑, increase; ↓, decrease; =, no change.
a remarkable increase in nestin levels was observed in both male
and female animals – the increase was higher among male animals.
There was no variance in TUJ-1 expression, an anti-neuron specific
beta III tubulin marker, at the time points selected. Regarding glial
markers, only male animals were affected during the MD  episode.
The increasing developmental pattern of GFAP levels observed in
control male animals was  absent in MD counterparts. A reduction
in vimentin levels was  observed in MD animals 12 h after MD.  No
effects of MD  were observed in females’ hypothalamus levels of
GFAP or vimentin (Viveros et al., 2010b).
Taken together, MD  decreases hypothalamic cell proliferation
more rapidly in females than in males (immediately after versus
12 h after); moreover, among males, a rebound effect on cell
proliferation was seen possibly due to the earlier decrease in pro-
liferation, and was accompanied by an increase in the levels of
Bax protein. At pnd 13, the reported increase in the number of
immature neurons, i.e. nestin levels, indicated that more neu-
rons were recently produced – an increase in neurogenesis – or
that their maturation was delayed, however, additional studies are
needed to clarify the origin of these immature neurons within the
hypothalamus. Notably, MD affected hypothalamic astrocyte pro-
liferation and/or maturation short after MD (12 h after), however,
these changes seem not to persist since at pnd 13 these glial mark-
ers returned to control levels.
4.2. Consequences of maternal deprivation on brain plasticityMD  has been reported to notably affect several molecules impli-
cated in synapses formation and stabilization. Firstly, hippocampal
formation levels of brain derived neurotrophic factor (BDNF) were
Adults Cell marker
mic
d DNA
ELISA:  = cytoplasmic
histone-associated DNA
fragments
Cell  death detection
WB:  = PCNA (♂) PCNA, Cell proliferation
WB:  = Bax Bax, Pro-apoptotic protein
WB:  = Bcl2 Bcl2, Anti-apoptotic protein
n.d. Nestin, immature neuron marker
WB:  = TUJ-1 TUJ-1, anti-neuron specific III tubulin
WB:  = GFAP GFAP, astrocyte cell marker
WB:  = vimentin Vimentin, glial cell marker
herwise the effect should be generalized for the two sexes. Abbreviators: Enzymatic
; glial fibrillar acidic protein, GFAP. Effects are indicates as ↑, increase; ↓, decrease;
-
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eported to be affected by early MD;  a decrease in BDNF levels
mRNA and protein levels) was described in the hippocampal for-
ation of adult male MD animals, although BDNF abnormalities
xclusively appeared after weaning (pnd 21) (Roceri et al., 2002). A
eduction in BDNF expression was observed in the hippocampus of
D  animals (Choy et al., 2008), and we have reported a reduction in
DNF mRNA levels in the hippocampal formation of adult male and
emale animals early exposed to MD (Llorente et al., 2011). More
ecently, we have shown a significant decrease in BDNF in the hip-
ocampal formation of adolescent MD animals compared to control
nimals (Marco et al., 2013), thus suggesting adolescence as the
ime window for the emergence of the BDNF abnormalities. In con-
rast, an increase in BDNF immunoreactivity was detected in adult
D female animals (López-Gallardo et al., 2012) that may  mediate
 compensatory effect to the experimental procedure rather than a
irect MD  effect.
Alterations in other molecular players of cellular plasticity as a
onsequence of MD  have also been reported within the hippocam-
al formation. In adult animals, a decrease in the hippocampal
ormation levels of synaptophisin was observed in MD  male and
emale animals, whereas a reduction in the expression levels of the
eural cell adhesion molecule (NCAM) was exclusively observed
mong MD  males animals – not in MD  females – (Llorente et al.,
011). Similarly, in the hippocampal formation of MD  adolescent
nimals we found a decrease in the expression levels of the PSD95
rotein, a postsynaptic density marker, in NCAM expression, and
 trend for a decrease in synaptophisyn expression levels only
n male animals (Marco et al., 2013). Similar results have been
emonstrated for cortical areas. As previously indicated, a trend
or a reduction in BDNF levels in the prefrontal cortex had already
een described in adult male animals (Roceri et al., 2002), and we
ave observed a reduction in BDNF expression levels in the frontal
ortex of adolescent male and female animals. A decrease in PSD95
nd synaptophisyn expression levels were also observed in the
refrontal cortex on adolescent MD animals (Marco et al., 2013).
his MD-induced impairment in synaptic plasticity elements could
ead to impairments in neurotransmitter secretion, to a functional
eduction in activity-dependent processes, and, consequently, to
eficits in cognitive function, as those already described for the MD
nimals. Although additional studies are needed, these MD effects
n cellular plasticity may  persist until adulthood also for the frontal
ortex, as already described for the hippocampus.
In the recent years, attention has focused on the consequences
f MD  on the hypothalamus, and markers of cellular plasticity have
lso been investigated within this brain region. During the MD
pisode, hypothalamic BDNF mRNA levels remained stable among
ales, whereas in control male animals the levels of this neu-
otrophic factor tended to increase. In contrast, among females, no
hanges in BDNF levels were observed in control or MD  animals, and
n increase in BDNF mRNA levels was only evident in MD females
2 h after MD  (Viveros et al., 2010a). Notably, an increase in BDNF
RNA levels was observed as a consequence of MD  in the hypo-
halamus of adolescent male and female animals (pnd 35), in the
bsence of effects at earlier (pnd 13) or older (pnd 75) develop-
ental stages (Viveros et al., 2010b). Since BDNF seems to play an
mportant role in energy homeostasis by acting directly in the cen-
ral nervous system (Coll et al., 2007), these MD-induced effects
n hypothalamic BDNF were related to the changes observed in
nimals body weight.
IGF-1  and IGF receptor levels were also investigated as trophic
actors involved in neuronal development and survival. No long-
erm effects of MD  were observed for the hypothalamic mRNA
evels of IGF-1 and IGF receptor (Viveros et al., 2010b), no changes
n IGF receptor mRNA levels were observed during MD,  but IGF-
 mRNA levels fluctuated over time, decreasing immediately after
D and increasing short after MD,  12 h later (Viveros et al., 2010a).
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Data  on the hypothalamic expression levels of BDNF protein remain
unknown, and additional correlation studies between hypothal-
amic trophic factors and metabolic parameters, including body
weight, are needed to further understand these changes.
5.  Neurochemical consequences of maternal deprivation
Previous studies have shown alterations in several neuro-
transmitter systems following MD.  Research first focused on the
dopaminergic system, although glutamatergic and serotonergic
system have also been investigated. We will also present an increas-
ing body of evidence on the impact of MD  on the endocannabinoid
(eCB) system. Herein, we  present and discuss the data regarding the
main changes induced by MD on the dopaminergic, glutamatergic,
and serotonergic neurotransmitter systems, as well as on the eCB
signaling system.
5.1.  Dopaminergic system
Since  the MD protocol was  first proposed as an interesting ani-
mal model for the investigation of schizophrenia (Ellenbroek et al.,
1998), and the dopamine hypothesis of schizophrenia is widely
accepted (Guillin et al., 2007), an increasing literature has covered
the effects of MD on dopaminergic neurotransmission. A differ-
ence in the development of the mesolimbic dopaminergic system
was suggested to mediate, at least in part, some of the detrimental
outcomes of MD (Ellenbroek et al., 2005).
Adult MD males exhibit an increased vulnerability to the
effects of dopaminergic agents, i.e. apomorphine and amphetamine
(Ellenbroek and Cools, 2000; Rentesi et al., 2013). Rots et al. (1996),
with in situ hybridization techniques, first described higher mRNA
levels of tyrosine hydroxylase (TH) in substantia nigra (and not
in ventral tegmental area, VTA) following MD at pnd 3 (Rots
et al., 1996). More recent studies have extended the investigation
of dopaminergic abnormalities following MD at pnd 9. In adult
male animals, an increase in dopamine turnover was found in the
striatum, prefrontal cortex and amygdala of MD animals compared
to controls (Rentesi et al., 2013), while a decrease in dopamine
turnover was  found in the striatum of adolescent animals, though
an increase in dopamine content was  found in the same brain region
of both male and female adolescent animals (Llorente et al., 2010).
Moreover, MD has been reported to induce, in adult animals, a
regionally dependent modulation of D2 receptor expression with
opposite results in the striatum and the prefrontal cortex, namely
MD caused an increase and a decrease, respectively (Rentesi et al.,
2013). However, Zamberletti et al. (2012) reported contrasting
results, also in adults. They found, an increase in D2 receptors
in the prefrontal cortex of males accompanied by a reduction in
D1 receptor density in the same brain area; however, in females,
D1 and D2 receptors were not modified in the prefrontal cor-
tex, but an increase in D1 and a reduction in D2 was found in
the nucleus accumbens and the caudate-putamen, respectively
(Zamberletti et al., 2012). Discrepancies may result from the dif-
ferential manipulations to which animals were exposed (chronic
injections during adolescence, and/or different behavioral tasks).
Despite the controversy of the results achieved, it is clear that the
dopaminergic system is a potential target for the effects of MD.
Indeed, the dopaminergic system is still developing during the time
window selected for the deprivation (between pnd 9 and 10) (see
Ellenbroek et al., 2005) for review), and the developing dopami-
nergic system is highly vulnerable to the effects of early life stress
(Rodrigues et al., 2011). Therefore, the MD episode may  impact the
developing dopaminergic system, possibly through the increase in
corticosterone, causing a delay in the normal development of this
signaling system, or even resulting in a persistent dopaminergic
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Table  4
Effects of MD  on the hippocampal endocannabinoid system.
Males Females
Neonates Adolescents Adults Neonates Adolescents Adults
CB1R IHC, ↓ RT-PCR, =;
WB,  ↓
WB, ↓
ISH,  ↓
IHC, ↓
IHC, = RT-PCR, ↑
WB,  ↓
WB, ↓
ISH,  =
IHC, ↓
CB2R IHC, ↑ WB,  ↑ IHC, ↑ WB,  ↑
AEA  LC–API-MS, = n.d. n.d. LC–API-MS, = n.d. n.d.
2-AG LC–API-MS, ↑ n.d. n.d. LC–API-MS, = n.d. n.d.
MAGL RT-PCR, ↓IHC, ↓ RT-PCR, = n.d. RT-PCR, =
IHC,  ↓
RT-PCR, ↑ n.d.
DAGL RT-PCR, =IHC,  ↑ RT-PCR, = n.d. RT-PCR, =
IHC,  ↓
RT-PCR, ↑ n.d.
The results here presented come from several studies from our research group (Llorente et al., 2008, 2009a,b; Suarez et al., 2009, 2010; López-Gallardo et al., 2012; Llorente-
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.d., not determined.
mbalance. Disruptions in the dopaminergic system may  underlie
everal of the behavioral impairments reported in MD  animals such
s alterations in locomotor activity, impulsiveness, motivation, or
PI responses. Thus, future investigations should focus on the affec-
ion of the different dopaminergic pathways to better understand
he behavioral domains specifically impaired.
.2. Glutamatergic system
Previous  studies have provided evidence for a compromised
lutamatergic system in the MD  animal model. A reduced expres-
ion of glutamatergic NMDA receptors within the hippocampus
nd, to a lesser extent, in cortical areas, was reported in adult
nimals. In particular, a persistent reduction in the expression of
lutamate NMDA receptor subunits NR-2A and NR-2B, thus indicat-
ng a hypofunctionality of the glutamatergic system (Roceri et al.,
002). Accordingly, we have provided results in the same direction
y means of a magnetic resonance study, in which a decrease in
he Glx signal – glutamate and glutamine – was observed in the
ippocampus and frontal cortex of rats pups exposed to MD com-
ared to control rat pups (Llorente et al., 2012). More recently, we
ave described a sex and region-dependent effect of MD  in ado-
escent rats; the physiological switch in the ratio in the subunit
omposition of synaptic NMDA receptors (GluN2A/GluN2BA) was
bsent in the spines of the hippocampal formation of the MD males,
nd a reduced number in the number of AMPA receptor subunits
as also observed. Thus, MD seems to interfere with the matu-
ational program of male rat hippocampus (Viviani et al., 2013).
owever, discrepant results have also been reported. An increase
n NMDA receptor density was described in the caudate putamen
f MD  female animals in the absence of changes in the expression
f NMDA receptors neither in other brain areas, or in male animals
Zamberletti et al., 2012). Such discrepancies may depend upon
he experimental technique employed (protein levels versus mRNA
evels), and additional studies are needed to better understand
he long-lasting modifications induced by MD in the glutamater-
ic system. Notably, this putative reduction in the glutamatergic
ignaling – NMDA receptors – due to MD may  have important cog-
itive implications given the well-known role of NMDA receptor in
ynaptic plasticity, and therefore in learning and memory (Rebola
t al., 2010).
.3.  Serotonergic systemEarly  life stress has also been reported to influence the
erotonergic system. MD  increased serotonergic function in the
ypothalamus, prefrontal cortex and amygdala of male adult ani-
als (Rentesi et al., 2010, 2013). Indeed, MD induced an increase
-362se; =, no change. Abbreviators: Immunohistochemistry, IHC; Real Time Polymerase
 Chromatography–Atmospheric Pressure-chemical Ionization-Mass Spectrometry;
in  the serotonin (5-HT) turnover ratio in the hypothalamus of MD
male animals, without affecting hippocampal 5-HT neurotransmis-
sion (Rentesi et al., 2010). Moreover, a decrease in the 5-HT content
of the prefrontal cortex and the amygdala – not in the striatum
– was  observed in MD animals compared to controls, and, thus,
an increase in the 5-HT turnover rate in the same brain areas was
achieved (Rentesi et al., 2013). In parallel, MD also modified 5-HT2A
receptor expression in the striatum and the amygdala, inducing a
decrease and an increase, respectively (Rentesi et al., 2013). In con-
trast, in adolescent male and female rats, we  found an increase
in the 5-HT levels of all the regions analyzed, namely prefrontal
cortex, hippocampus, striatum, midbrain and amygdala, but the
cerebellum, and no changes were observed in the turnover rate
for 5-HT (Llorente et al., 2010). The discrepant effects observed in
adolescent and adult animals as a consequence of MD may under-
lie differences in the developmental pattern of the serotonergic
system between control and MD animals, as suggested for the dopa-
minergic system. These abnormalities in the serotonergic system
may mediate some of the behavioral effects described for the MD
episode, as an example, the depressive-like phenotype (Llorente
et al., 2007; Zamberletti et al., 2012), the increased impulsivity
(Marco et al., 2007) and aggressive behavior (Zamberletti et al.,
2012) given the role played by 5-HT in the control of these behav-
iors (Wrase et al., 2006); as well as the decrease in body weight
(Viveros et al., 2010a,b) since 5-HT acts as an anorectic molecule in
the control of feeding behavior (Lam et al., 2009).
5.4. Endocannabinoid system
We have consistently demonstrated that MD  critically disrupts
the development of the endocannabinoid (eCB) system (see Table 4,
and Marco et al., 2009, 2011 for reviews). Short after the MD
episode, a remarkable increase in the hippocampal formation con-
tent of one of the main eCB ligands, 2-arachidonyl glycerol (2-AG),
was described for male infant rats (pnd 13) (Llorente et al., 2008).
In addition, we have reported that MD is able to alter the expres-
sion pattern of the enzymes responsible for 2-AG synthesis and
degradation. In resume, MD,  at the same time point (pnd 13)
induced region-dependent changes in the expression of DAGL, the
enzyme responsible for 2-AG synthesis, in both male and female
animals; while decreasing the enzyme responsible for its degrada-
tion, MAGL, in males (Suarez et al., 2010). Therefore, the reported
findings suggest that the increase in 2-AG content might result
from the changes in the expression of the enzymes responsible
for its metabolism. In parallel, we also described a decrease in the
hippocampal formation expression of CB1 receptor in MD  neonate
animals, pnd 13, with the effect being more marked in males that
in females. In contrast, an increase in the expression levels of other
-
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annabinoid receptor, CB2 receptor, was also observed equally
n both sexes (Suarez et al., 2009). The striking opposite pattern
nduced by MD on the expression of CB1 receptor and CB2 recep-
ors may  suggest a functional compensation between the receptors
nd/or an interaction between the two. Although the cause for the
hanges in CB2 receptors are far from clear, the down-regulation of
B1 receptors might be related to the previously described MD-
nduced elevation in hippocampal 2-AG content (Llorente et al.,
008). Alternatively, the changes in CB1 receptor expression may
esult from the reported increase in glucocorticoid levels following
D (Llorente et al., 2008; Viveros et al., 2010a) since a decrease
n CB1 receptor expression has been reported following repeated
orticosterone treatment (Hill et al., 2008) and exposure to chronic
tress (see Gorzalka et al., 2008; Hillard, 2014 for review).
It  is worth mentioning that the consequences of the MD episode
n the eCB system are long lasting since several alterations in the
CB system machinery have been observed in adolescent animals
nd seem to persist until adulthood. Actually, the MD-induced
own-regulation of CB1 receptors was still present in the hip-
ocampal formation and prefrontal cortex of adolescent animals;
hereas an opposite pattern (i.e. an increase) was  observed for
he expression levels of the CB2 receptor protein (Marco et al.,
013). More recently, through RT-PCR analysis, we have investi-
ated the effects of MD  on the mRNA levels of key components of
he eCB system in specific brain regions of adolescent animals. In
articular, we have analyzed the primary transmembrane recep-
ors activated by eCBs (Cnr1, Cnr2a, Cnr2b, Trpv1, and Gpr55 genes)
nd the major enzymes of synthesis (Nape-pld, Dagla and Daglb)
nd degradation (Faah, Magl and Cox-2). Notably, MD  induced spe-
ific changes in the frontal cortex and the dorsal hippocampus
n a sex-dependent manner. Among males, MD  augmented the
xpression of all the eCB-related genes analyzed in the frontal cor-
ex; while in females, the MD-induced increase in gene expression
as only observed within the dorsal hippocampus, for almost all
he eCB-related genes, except for Trpv1 and Dagla (Marco et al.,
014).
More recently, sex-dependent changes in CB1 receptor
ensity and functionality, measured by [3H]CP-55,940 recep-
or autoradiographic-binding, were described in adult animals
Llorente-Berzal et al., 2013). To resume, MD induced an increase in
B1 receptor expression in the Substantia nigra of both male and
emale animals. On the one hand, among males, MD provoked a
emarkable decrease in CB1 receptor function in nucleus accum-
ens, prefrontal cortex and hypothalamus, as well as a reduction in
B1 receptor expression within the thalamus. Notably, CB1 recep-
or activity was only found to be increased within the cerebellum
f adult males. On the other hand, among females, MD induced
n increase in CB1 receptor expression in the cerebellum and an
ncreased CB1 receptor functionality in the periaqueductal gray
atter (PAG). It is worth mentioning that discrepant data have been
eported; MD  seemed not to affect CB1 receptor density and func-
ionality at adulthood in both male and female rats (Zamberletti
t al., 2012). Moreover, controversy exists since contrasting data
ere achieved when analyzing the consequences of MD by differ-
nt techniques. We  have reported that MD induced a decrease in
B1 receptor immunoreactivity in both sexes (López-Gallardo et al.,
012), as well as in male animals analyzed by in situ hybridization
Llorente et al., 2009a,b). However, discrepancy between mRNA and
rotein levels is frequently found, and alterations in mRNA stabil-
ty might be suggested. In addition, discrepancies may  also depend
pon the location of mRNA synthesis – in the neuronal soma – and
he place of protein expression far in neuron – axon. Future studies
ill focus on the changes in specific components of the eCB system
n specific brain areas, through the analysis of putative correlations
etween mRNA levels and protein expression in the specific brain
rea as well as in the afferent and efferent regions of the circuitry.
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Taken together, our data suggest that MD may  enhance 2-
AG/CB1 receptor signaling in the hippocampus in the short-term
(neonatal period), inducing a long-lasting down regulation of CB1
receptor signaling that seem to persist until adulthood. Since the
eCB system is critically involved in emotional homeostasis, stress
responsiveness, cognitive function and motivation (Marco and
Viveros, 2009; McLaughlin and Gobbi, 2012; Wotjak, 2005), the
long lasting changes in the different component of the eCB system
may, at least in part, underlie some of the behavioral outcomes
already described (see Section 3.1). However, further research is
needed to better characterize the long-term consequences of MD
on the eCB system during the lifespan, as well as the behavioral
correlates of such modifications.
6.  Putative mechanisms underlying the long-lasting effects
of  MD
6.1. Glucocorticoids
The reported neurodegenerative effects of the MD episode, as
well as other neurochemical effects, might result from the increase
in glucocorticoid levels induced by this neonatal stressful chal-
lenge. The existence of a time window of limited glucocorticoids
response to stress during early neonatal life – from pnd 4 to 14,
the so-called stress hyporesponsive period (SHRP) – guarantees an
adequate organization of brain development (Levine, 1994, 2001).
However, exposure to traumatic or highly severe stressful chal-
lenges is able to overcome this HPA axis inhibition. Indeed animals
exposed to MD showed augmented levels of circulating corticoste-
rone levels as well as a blunted corticosterone and ACTH response to
a  mild stressor (Levine, 1994, 2001; Llorente et al., 2008; Suchecki
et al., 1993; Viveros et al., 2010a). Further, c-fos mRNA in the para-
ventricular nucleus (PVN) is enhanced following stress in deprived
pups (Levine, 2001). Taken together, the hyperactivation of the HPA
axis might be responsible for at least some of the reported effects
of MD.
Previous studies using a similar animal model of 24 h MD  (at
pnd 5 or pnd 11) reported an increase in apoptotic cells in the
neocortex, dentate gyrus and cerebellar cortex and proposed that
such elevated neurodegeneration might be mediated via gluco-
corticoids (Zhang et al., 2002). For the hippocampus, a highly
sensitive brain region to glucocorticoids given the high levels of
glucocorticoid receptors (GR) that present, the cellular effects of
MD might depend upon a direct action of glucocorticoids since
the hippocampus undergoes experience-dependent development
and its maturation extends into the first three weeks of postna-
tal life; indeed, a developmental elevation in glucocorticoids may
also affect active synaptogenesis that might be occurring within
the hippocampus during this time frame (Roceri et al., 2002). In
this regard, a significant increase in the hippocampal levels of GR
was reported in weanling males (pnd 21) (Xu et al., 2011) whereas a
down-regulation was observed in adult male animals – not females
– exposed to MD (Llorente et al., 2011). Therefore, these data give
support to the fact that the neonatal elevation of corticosterone
has long lasting effects on the hippocampus, and in turn, in the
regulation of emotional and cognitive functions under hippocampal
control, including the HPA axis (see Oitzl et al., 2010 for review).
Glucocorticoids could induce neurodegeneration by promot-
ing the activation of key pro-apoptotic versus anti-apoptotic genes
(Almeida et al., 2000), by reducing neuronal glucose uptake, and/or
by concomitantly increasing extracellular glutamate concentration
and intracellular Ca2+ levels (Lu et al., 2003; Sapolsky, 2000). In this
regard, the neurodegenerative effects of MD on the hypothalamus
may be mediated through the glucocorticoid induction of the pro-
apoptotic protein Bax previously described (Viveros et al., 2010b).
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oreover, the effects of glucocorticoids on glucose uptake could be
ven more deleterious for MD animals given the drastic decrease
n plasma glucose levels observed during MD  period (Viveros et al.,
010a). Regarding the proposed effect on intracellular Ca2+ levels
t is worth mentioning that MD has also been reported to affect
he expression of certain calcium-binding proteins, in particular,
alretinin (CALR) and Calbindin (CALB), two modulators of intra-
ellular calcium concentration that are widely expressed in the
ervous system (Muller et al., 2005; Schwaller et al., 2002). Xu
t al. (2011) reported sex dependent changes in the expression lev-
ls of these two proteins, with effects being significant exclusively
or females among which an increase in CALR levels was observed
s well as a marked decrease in CALB expression levels (Xu et al.,
011). However, further studies are needed to dissect the neurobi-
logical targets of the increase in corticosterone during this critical
eonatal period, i.e. SHRP.
Worth  mentioning, the indirect data from animal models of cor-
icosterone supplementation in drinking water (see Catalani et al.,
011; Macri et al., 2011 for review), that further support the puta-
ive role of glucocorticoids in the effects of MD.  As for the MD,
ariations in neonatal corticosterone concentrations result in per-
anent endocrine and neurobehavioral alterations in the adult
ffspring of rats and mice. Supplementing lactating mouse dams
ith high doses of corticosterone resulted in increased HPA reactiv-
ty in the adult offspring (Macri et al., 2007), reduced hippocampal
DNF levels (Macri et al., 2009) as well as a modified response to an
mmune challenge (Yorty et al., 2004). In rats, exposure to elevated
evels of corticosterone during lactation induced altered anxiety-
elated behaviors together with a decrease in cell proliferation
ithin the dentate gyrus (Brummelte et al., 2006). These studies
ave investigated the long-term effects of corticosterone supple-
entation during early postnatal stages; in the future, we  aimed
o discover the particular actions of an elevation of corticosterone
evels in the narrow time window comprised between pnd 9 and
0, and we will try to rescue MD animals through pharmacological
nterventions that could prevent this corticosterone rise.
.2.  Leptin
In  rodents, there is a transient increase in circulating leptin con-
entrations during the first 2 postnatal weeks that peaks around
nd 10 (Cottrell et al., 2010). This increase does not affect food
ntake (Mistry et al., 1999), but instead has a critical role in brain
evelopment. Indeed, leptin has emerged as a key player in the
evelopment of hypothalamic neuroendocrine systems (Bouret
nd Simerly, 2007), and seems to display important neurotrophic
ffects in extrahypothalamic sites (Valerio et al., 2006). The source
f this postnatal leptin could be through the maternal breast milk,
lthough endogenous leptin could also give an important contribu-
ion, either from the adipose tissue of the neonatal rodents or locally
roduced within the brain pituitary axis. However, the regulation
f this rise in postnatal leptin levels remains undiscovered (see
ottrell et al., 2010 for review on the postnatal neurotrophic role
f leptin).
As previously described (Section 3.2), during the MD  episode,
etween pnd 9 and 10, the peak in leptin is absent in the MD
nimals that present extremely low levels of circulating leptin
Viveros et al., 2010a). Since leptin has been reported to criti-
ally modulate synaptic density in hypothalamic nuclei involved in
etabolic control (Bouret and Simerly, 2007; Horvath, 2005), MD
ay  interfere with the wiring of hypothalamic circuitries involved
n energy balance. Actually, we have already reported modifica-
ions in the cell turn-over, in markers of neuronal maturation as
ell as in several neurotrophic factors within the hypothalamus
uring the MD  episode and some days after (Mela et al., 2012b;
iveros et al., 2010a,b). More recently, we have demonstrated that
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the administration of a leptin antagonist on pnd 9 dramatically
affects hypothalamic development, exclusively among females, by
increasing mRNA levels for BDNF, CART, nestin and vimentin, pro-
moting cell death and shifting toward an anti-apoptotic balance the
Bcl2/BAX ratio (Mela et al., 2012a). Despite a similar a sex differ-
ence has been previously reported (Vickers et al., 2005, 2008); the
biological basis for this sexual dimorphism remains to be deter-
mined. Indeed, both the absences of leptin (i.e. MD) as well as
the developmental exposure to altered concentrations of this hor-
mone (i.e. exposure to a leptin antagonist) have demonstrated long
term effects on adult physiology (Kirk et al., 2009; Yura et al.,
2005).
Postnatal leptin has arisen as a putative critical factor in devel-
opmental programming, affecting hypothalamic development, and
possibly other extra-hypothalamic sites. Therefore, the effects
reported for MD regarding an altered hypothalamic development,
a long lasting reduced body weight gain and a deregulation of
several metabolic parameters, among other, might be mediated
by the lack in the leptin postnatal surge. Indeed, leptin has been
reported to influence the HPA axis (Roubos et al., 2012). MD  has also
been suggested to affect the reproductive endocrine axis; actually,
adolescent and adult MD male animals exhibited lower levels of
testosterone and estradiol compared to control males, while no
changes in plasma estradiol levels (and no detectable levels of
testosterone) were observed for MD  females (Llorente et al., 2011;
Viveros et al., 2010b). Leptin acts at all levels of the hypothalamus-
pituitary-gonadal (HPG) axis in males (Landry et al., 2013), and
through the modulation of leptin levels, MD might also affect the
hypothalamic circuitries that regulate the reproductive function
in adults. In future studies, we will further address if MD affects
several aspects of the endocrine reproductive function and sexual
behavior.
Taken together, leptin might be at the bases of the endocrine
and metabolic alterations related to MD,  but it may also influence
the impairment in immune function. Actually, leptin is involved in
the regulation of the immune response and conditions of reduced
leptin levels or malnutrition have been related to increased risk for
infection (Carbone et al., 2012). To investigate the pleiotropic role
played by leptin, in the future, we  will employ leptin supplemen-
tation during the early postnatal period to prevent the hormonal
changes observed in MD adult animals, and we  will further analyze
the developmental patterns of somatic growth and sexual matura-
tion.
6.3. Endocannabinoid signaling
During the postnatal period CB1R expression is relatively low in
limbic and midbrain structures (Berrendero et al., 1998; Rodriguez
de Fonseca et al., 1993), while brain AEA levels gradually increase
during postnatal development reaching a maximum in adult-
hood while 2-AG synthesis gradually increases during embryonic
development, peaks immediately after birth and normalizes dur-
ing postnatal development (Berrendero et al., 1999) (for a review on
the development of the eCB system consult Fride, 2008; Keimpema
et al., 2011; Marco and Laviola, 2012). Remarkably, the eCB system
has been proposed as a key signaling system during development
(Keimpema et al., 2011; Lee and Gorzalka, 2012), and 2-AG has
arisen as the main eCB player (Gao et al., 2010; Keimpema et al.,
2010). As mentioned above (Section 5.4, and Table 4), MD  has
an important and persistent impact on the eCB system, mainly
within the hippocampal formation. In brief, MD increases hip-
pocampal 2-AG content in the short term (Llorente et al., 2008),
and down-regulates CB1 receptor expression persistently (López-
Gallardo et al., 2012; Llorente et al., 2009a,b; Marco et al., 2013;
Suarez et al., 2009). Therefore, an environmental stress, such as
-
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D,  may  interfere with the developing eCB system, at least within
he hippocampal formation, by enhancing eCB signaling and thus
odifying the normal developmental trajectories directed by the
patially precise metabolic control of 2-AG/CB1 receptor. Indeed,
arly life stress has been proposed to permanently rewire the corti-
olimbic eCB signaling system, resulting in an aberrant eCB system
t adulthood, that in turn may  affect relevant neural and behavioral
rocesses, including those related to emotionality and stress
esponsiveness (see Lee and Gorzalka, 2012; Marco and Laviola,
012 for review). Future studies will address whether the pharma-
ological enhancement of the eCB system, e.g. through blockade of
-AG degradation, during the neonatal period may induce a long-
asting modification in CB1 receptor expression, as well as similar
ehavioral and metabolic changes as those provoked by MD in
ats.
. Conclusions and future remarks
This protocol of early life stress (MD, 24 h at pnd 9) has to
e considered not only as an animal model for the study of psy-
hopathology (schizophrenia, depression, etc) but as a valuable
esearch tool for the investigation of the physiological implications
f the disruption of brain development. Present data give support
o the fact that neuronal degeneration and/or astrocyte prolifer-
tion are present in specific brain regions, mainly hippocampus,
refrontal cortex and hypothalamus, which are particularly vul-
erable to the effects of neonatal stress. Herein, we have proposed
hree neurobiological mechanisms that might critically account for
he remarkable behavioral, metabolic and immunological conse-
uences reported for MD.  First, the rise in circulating corticosterone
evels during the SHRP that may  target specific brain regions under-
oing many dynamic changes, i.e. hippocampus. Secondly, the
isruption of the postnatal leptin surge that might prevent the
eurotrophic actions of leptin within the hypothalamus, but not
nly. Third, the enhanced 2-AG signaling that modifies the post-
atal milieu persistently altering the developmental trajectories
f the eCB system. Further research is needed to better under-
tand the specific role played by each factor on the detrimental
utcomes of MD,  and whether each factor might differentially
espond to a specific aspect of the stressful episode of MD, namely
aternal care/tactile stimulation, food restriction and hypother-
ia. Furthermore, MD  has enlarged our perspectives on the critical
rain processes occurring at the narrow time window comprised
etween pnd 9 and 10, which are crucial for the establishment of
rain circuitries that will regulate behavior, metabolism and energy
omeostasis in adult life. Herein, we have described important sex-
al dimorphisms in the effects of MD  in relation to both behavioral
nd neurobiological consequences of this early life stress. Sex dif-
erences in the behavioral and neurobiological effects of MD were
lready seen before puberty, thus, some of the reported sex dif-
erences may  depend on the organizational effects of gonadal
ormones during early development of the brain. The critical period
f sexual brain differentiation together with the differential pat-
erns of neural development between sexes seem to be of great
elevance for the sex-dependent effects of MD  (see Viveros et al.,
009, 2012 for an extensive review on the topic). In perspec-
ive, we have provided a novel working hypothesis for the neural
echanisms underlying the neuroimmunendocrine consequences
f MD.  Among the proposed factors, leptin arises as a central
ey player in the crosstalk between metabolism, behavior and
mmune function. Understanding the neural bases of MD,  and pos-
ibly of certain aspects of early life stress, is a concern for public
ealth and may  provide new insights into mental health prevention
trategies and into novel therapeutic approaches in neuropsychia-
ry.
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Abstract
Orphanin FQ/nociceptin (OFQ/N) inhibits the activity of proopiomelanocortin (POMC) neurones
located in the hypothalamic arcuate nucleus (ARH) that regulate female sexual behaviour and
energy balance. We tested the hypothesis that gonadal steroids differentially modulate the ability
of OFQ/N to inhibit these cells via presynaptic inhibition of transmitter release and postsynaptic
activation of G protein-gated, inwardly-rectifying K+ (GIRK)-1 channels. Whole-cell patch clamp
recordings were performed in hypothalamic slices prepared from ovariectomised rats. OFQ/N (1
μM) decreased the frequency of miniature excitatory postsynaptic currents (mEPSCs) and
inhibitory postsynaptic currents (mIPSCs), and also caused a robust outward current in the
presence of tetrodotoxin, in ARH neurones from vehicle- treated animals. A priming dose of
oestradiol benzoate (EB; 2 μg) increased basal mEPSC frequency, markedly diminished both the
OFQ/N-induced decrease in mEPSC frequency and the activation of GIRK-1 currents, and
potentiated the OFQ/N-induced decrease in mIPSC frequency. Steroid treatment regimens that
facilitate sexual receptivity reinstate the basal mEPSC frequency, the OFQ/N-induced decrease in
mEPSC frequency and the activation of GIRK-1 currents to levels observed in vehicle-treated
controls, and largely abolish the ability of OFQ/N to decrease mIPSC frequency. These effects
were observed in an appreciable population of identified POMC neurones, nearly one-half of
which projected to the medial preoptic nucleus. Taken together, these data reveal that gonadal
steroids influence the pleiotropic actions of OFQ/N on ARH neurones, including POMC neurones,
in a disparate manner. These temporal changes in OFQ/N responsiveness further implicate this
neuropeptide system as a critical mediator of the gonadal steroid regulation of reproductive
behaviour.
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Introduction
The neuropeptide orphanin FQ (a.k.a., nociceptin (OFQ/N) is widely distributed in the brain
(1-3). It activates its cognate opioid receptor like (ORL)-1 receptor, which is a metabotropic,
Gi/o-coupled receptor that highly expressed in hypothalamic nuclei such as the medial
preoptic nucleus (MPN), paraventricular nucleus, arcuate nucleus (ARH) and ventromedial
nucleus (VMN; (3-6)). The OFQ/N-ORL-1 system has been shown to regulate reproduction
and energy balance in the female (see (7,8) for review). Within the ARH, OFQ/N stimulates
ORL-1 receptors expressed in POMC neurones that are important in both sexual behaviour
and feeding to activate G protein-gated, inwardly rectifying K+ (GIRK)-1 channels (9-12).
The efflux of K+ through these GIRK channels causes an outward current and associated
membrane hyperpolarization that lowers the membrane potential below the threshold for
activation of voltage-gated Na+ channels, thereby resulting in a cessation of neuronal firing
(13,14). In addition, OFQ/N activates upstream ORL-1 receptors that are poised to
presynaptically inhibit glutamatergic input impinging upon POMC neurones (10,12). This
reduces the extent of stimulation of postsynaptic ionotropic glutamate receptors that would
otherwise depolarise the cell membrane to increase the probability of activating voltage-
gated Na+ channels and thus generating action potentials (15,16). On the other hand, OFQ/N
can also inhibit GABA release from brain regions such as the cortex (17), amygdala (18)
and the hypothalamic suprachiasmatic nucleus (SCN; (19)). Given that glutamatergic and
GABAergic inputs converge on POMC neurones (20-22), and that activation of GABAA
receptors culminates in the predominate form of fast inhibitory neurotransmission in the
hypothalamus (21,23-26), it is likely that the OFQ/N-induced presynaptic inhibition of
GABA release also plays a role in the ORL-1 receptor-mediated regulation of ARH neuronal
activity.
A subpopulation of ARH POMC neurones project to the MPN and are important for steroid
regulation of sexual receptivity (11,27). Oestradiol increases the expression and release of β-
endorphin (a post- translational product of the POMC gene) in rodents and primates (28-30).
In the female rat, a priming dose of oestradiol (2 μg) acts through a multisynaptic circuit to
rapidly induce and maintain the release of β-endorphin that activates MPN μ-opioid
receptors to inhibit sexual receptivity for 48 hr (30-32). Oestradiol accomplishes this by
decoupling Gi/o-coupled metabotropic receptors from their ability to presynaptically
decrease excitatory glutamate transmission to the POMC neuron, and to activate
postsynaptic GIRK-1 currents in, and the associated hyperpolarization of, these cells
(12,33). To facilitate lordosis the oestradiol-induced activation of MPN-projecting POMC
neurones needs to be reversed (11,31,34). Indeed, subsequent progesterone treatment of
oestrogen-primed female rats facilitates lordosis and deactivates MPN μ-opioid receptors,
which indicates that excitation of POMC neurones has been reduced (34). Alternatively, if a
single bolus of a high dose of oestradiol (5-50 μg) is given, then the steroid exerts biphasic
actions. Initially, POMC neurones are stimulated for at least 24 hr. By 48 hr after treatment
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the increase in POMC neuronal excitability and MPN μ-opioid receptor activation have
subsided, which then facilitates lordosis behaviour. These results indicate that the activity of
POMC neurones that project to the MPN is regulated by steroids in a dose- and time-
dependent manner. The OFQ/N-ORL-1 system facilitates lordosis through the deactivation
of MPN μ-opioid receptors (11). It follows, therefore, that steroid treatment regimens that
ultimately facilitate lordosis do so by enhancing pleiotropic ORL-1 receptor-mediated
signalling mechanisms that inhibit the output of ARH POMC neurones.
The purpose of the present study was to test the hypothesis that gonadal steroids
differentially modulate presynaptic and postsynaptic indices of ORL-1 receptor-mediated
signalling in ARHneurones. To this end, the ability of OFQ/N to reduce excitatory and
inhibitory input onto ARH neurones, as well as to activate GIRK-1 channels in ARH
neurones, was evaluated in hypothalamic slices taken from OVX animals that were treated
cyclically either with vehicle or a priming dose of EB, and subsequently with either with
vehicle or progesterone on the morning of experimentation. In some experiments we
monitored ORL-1 receptor-mediated responses in slices from animals treated with a high
dose of EB 48 hr prior to experimentation that also produces sexual receptivity (11,31,34).
We expect that steroid priming will diminish both the ORL-1 receptor-mediated presynaptic
inhibition of excitatory neurotransmission and the activation of postsynaptic GIRK-1
channels, and enhance the ORL-1 receptor- mediated presynaptic inhibition of inhibitory
neurotransmission, which would functionally translate into an increase in the excitability of
POMC neurones. Further, we anticipate that steroid priming paradigms facilitating sexual
receptivity will augment both the ORL-1 receptor-mediated signalling via presynaptic
inhibition of excitatory neurotransmission and the activation of postsynaptic GIRK-1
channels, as well as dampen the ORL-1 receptor-mediated presynaptic inhibition of
inhibitory neurotransmission, which would culminate in a reduction in POMC neuronal
activity.
Materials and Methods
Animals
Adult Long-Evans female rats (200-225 g) were purchased from Charles River Laboratory
Inc., (Wilmington, MA). Bilateral ovariectomies (OVX) were performed by the supplier.
Animals were housed in a climate and light controlled room (12/12 L/D cycle, lights on
0700 h) with food and water available ad libitum. All procedures were approved by the
Western University of Health Sciences IACUC in accordance with institutional guidelines
based on NIH standards. Animals were treated once every four days for three cycles with
either oestradiol benzoate (EB; 2 μg; s.c.) or its sesame oil vehicle (0.1 ml total volume;
s.c.). Twenty-six hr after the final EB treatment, animals were given either progesterone
(500 μg; s.c.) or sesame oil, and brains were collected 4 hr thereafter. In some experiments,
animals were administered a 50 μg dose of EB 48 hr prior to experimentation. These
treatment paradigms have long been known to elicit sexual receptivity in female rodents,
due at least in part via modulation of an inhibitory ARH-MPN reproductive behaviour
circuit (3,11,27,32,34-37).
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Drugs
Unless otherwise indicated all drugs were purchased through Tocris Cookson, Inc.
(Ellisville, MO, USA). EB and progesterone (Steraloids, Newport, R.I., USA) was initially
prepared as 1 mg/ml stock solutions in punctilious ethanol. A known quantity of this stock
solution was added to a volume of sesame oil sufficient to produce final concentrations of 20
μg/ml and 500 μg/ml EB, as well as 5 mg/ml progesterone. OFQ/N, the voltage-gated Na+
channel blocker tetrodotoxin (TTX) with citrate (Alomone Labs, Jerusalem, Israel), the
GABAA receptor antagonist 6-imino-3-(4-methoxyphenyl)-1(6H)- pyridazinebutanoic acid
hydrobromide (SR 95531) and the α-amino-3-hydroxyl-5-methyl-4-isoxazole- propionate
(AMPA) receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide (NBQX) were dissolved in UltraPure H20 to stock concentrations of 1 mM, 1
mM, 10 mM and 10 mM, respectively. The N-methyl-D-aspartate receptor antagonist cis-4-
[Phosphomethyl]-2- piperidinecarboxylic acid (CGS 19755) was dissolved in 0.1 N NaOH
and diluted to the appropriate volume with UltraPure H2O (final concentration 10 mM).
Aliquots of these stock solutions were stored at −20°C.
Stereotaxic Surgery
Some animals were focally injected with the retrograde tracer Fluorogold (Fluorochrome,
LLC, Denver, CO.) into the MPN 6-8 days prior to experimentation. They were fitted in a
stereotaxic apparatus (Digital Lab Standard; Stoelting Co., Wood Dale, IL, USA) while
under 3% isoflurane anaesthesia. The scalp was opened with a 2-2.5 cm incision made down
the midline of the skull beginning at the front of the orbits towards the occipital lobe with a
scalpel blade. The periosteum was rubbed from the scalp by sterile cotton swabs. A single
hole was drilled so that an injection needle could be slowly lowered into the MPN
(coordinates from bregma, anterior, −0.1 mm; lateral, −0.8 mm; and ventral, −6.0 mm from
dura; tooth bar, −3.3 mm). The injection needle was held at these coordinates for one minute
prior to the start of infusion. The retrograde tract tracer, Fluorogold (5% dissolved in sterile
saline; 0.5 μL total volume), was slowly injected into the MPN using a Stoelting manual
injector system. The injection needle remained in place for 10 minutes after infusion to
allow for diffusion from the tip and then slowly removed from the brain to reduce potential
spread of Fluorogold. Sterile bone wax was placed in the hole to seal the cavity and help
promote clotting. After surgery, the rats were given oral antibiotics in drinking water (0.5
mg/ml of sulfamethoxazole and 0.1 mg/ml of trimethoprim; Hi-Tech Pharmacal, Amityvill,
NY) as well as Carprofen (5 mg/kg; s.c.; Sigma Aldrich Corp., St. Louis, MO, USA) to help
control post-operative pain.
Electrophysiology
On the day of experimentation, the OVX rat was anaesthetised with 32% isoflurane,
decapitated, brain removed from the skull and the hypothalamus dissected. In experiments
where Fluorogold was focally injected into the MPN, we routinely saved the rostral block
containing the MPN and prepared sections at 20 μm thickness so that we could precisely
determine the site of injection. Only those animals in which FG was administered directly
into the MPN were included in the present study. The hypothalamic block was mounted on a
cutting platform, secured in a vibratome well filled with an ice-cold, oxygenated (95% O2,
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5% CO2) artificial cerebrospinal fluid (aCSF) in which the majority of sodium was replaced
by sucrose (sucrose, 208; NaHCO3, 26; KCl, 2; NaH2PO4, 1.25; dextrose, 10; HEPES, 10;
MgSO4, 2; MgCl2 1; CaCl2, 1; in mM). Three to four coronal slices (300 μM) through the
rostro-caudal extent of the ARH, were cut at 1 °C. The slices were then transferred to an
auxiliary chamber and incubated at room temperature in oxygenated aCSF containing (in
mM): NaCl, 124; NaHCO3 26; dextrose, 10; HEPES, 10; KCl, 5; NaH2PO4, 2.6; MgSO4, 2;
CaCl2, 1. They were kept under these conditions until electrophysiological recording.
During whole-cell patch recording from ARH neurones, slices were maintained in a
chamber perfused with a warmed (35 °C), oxygenated aCSF in which the CaCl2
concentration was raised to 2 mM. Artificial CSF and all drugs (diluted with aCSF) were
perfused via a peristaltic pump at a rate of 1.5 ml/min. Patch electrodes are assembled from
borosilicate glass (World Precision Instruments; Sarasota, FL, USA; 1.5 mm O.D.) pulled on
a P-97 Flaming Brown puller (Sutter Instrument Co., Novato, CA, USA), and filled with the
following (in mM): potassium gluconate, 128; NaCl, 10; MgCl2, 1; EGTA, 11; HEPES, 10;
ATP, 1; GTP, 0.25; 0.5% biocytin; adjusted to a pH of 7.3 with KOH. Electrode resistances
vary from 3-8 MΩ. A Multiclamp 700A preamplifier (Axon Instruments, Foster City, CA,
USA) amplified potentials and passed current through the electrode. Membrane currents
were recorded in voltage clamp with access resistances that typically range from 8-22 MΩ,
and underwent analog-digital conversion via a Digidata 1322A interface coupled to pClamp
8.2 software (Axon Instruments). The access resistance, as well as the resting membrane
potential (RMP) and the input resistance (Rin), were monitored throughout the course of the
recording. If the access resistance deviated greater than 10% of its original value, the
recording was ended. Low-pass filtering of the currents was conducted at a frequency of two
KHz. The liquid junction potential was calculated to be −10 mV, and corrected for during
data analysis using pClamp software.
To evaluate if OFQ/N presynaptically inhibits excitatory and inhibitory neurotransmission at
ARH synapses, we recorded miniature excitatory postsynaptic currents (mEPSCs) and
inhibitory postsynaptic currents (mIPSCs) in the presence of either the GABAA receptor
antagonist SR 95531 (10 μM) and TTX (500 nM), or the ionotropic glutamate receptor
antagonists NBQX and CGS 19755 as well as TTX, from respective holding potentials of
−75 mV or −30 mV using an internal solution in which Cs+ was substituted for K+. After
collecting a 3-4 min segment of baseline data, we perfused OFQ/N (30 nM-1 μM) for four
min, and then recorded mEPSCs or mIPSCs in the presence of the peptide. The threshold for
event detection was set at least three pA below (for EPSCs) or above (for IPSCs) the
baseline holding current as assessed from the headstage output, and continuously monitored
throughout each 3-4 min recording period. This was done to ensure that the smaller
amplitude events were not inadvertently omitted from the analysis. Synaptic events were
detected and analyzed using Clampfit 8.2 (Axon Instruments) in combination with the
SigmaPlot (IBM/SPSS, New York, NY, USA) and StatGraphics (StatPoint, Inc., Warrenton,
VA, USA) programs. When we analyzed the data to determine mE/IPSC frequency and
amplitude for the ≥100 contiguous synaptic events per condition, we poured over each 250-
msec sweep in the entire range to ensure that each event that we included in the analysis
bore the classic kinetic profile of a fast E/IPSC. We used this information to evaluate
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OFQ/N-induced alterations in mEPSC and mIPSC frequency and amplitude as assessed
from cumulative probability plots.
To determine whether OFQ/N activates postsynaptic K+ currents that are highly prevalent in
ARH neurones, recordings using the whole-cell configuration from holding potentials of
−60 mV were performed. OFQ/N was perfused along with 1 μM TTX until a new steady-
state holding current was established (3-5 min). Current-voltage relationships were
generated before and immediately following peptide application over a range centering on
the equilibrium potential for K+. This was accomplished with step command potentials
ranging from −50 to −130 mV (1 sec duration; 10 mV increments).
Immunohistochemistry
Following electrophysiological recording, slices were fixed with 4% paraformaldehyde in
Sorensen’s phosphate buffer (pH 7.4) for 90-180 min (38). They then were immersed
overnight in 20% sucrose dissolved in Sorensen’s buffer, and frozen in Tissue-Tek
embedding medium (Miles, Inc., Elkhart, IN, USA) the next day. Coronal sections (20 μm)
were cut on a cryostat, and mounted on slides. These sections were washed with 0.1 M
sodium phosphate buffer (pH 7.4), and then processed with streptavidin-Alexa Fluor (AF)
488 (Molecular Probes, Inc., Eugene, OR, USA) at a 1:300 dilution. After localizing the
biocytin-filled neuron via fluorescence microscopy, the slides containing the appropriate
sections were processed with a polyclonal antibodies directed against either β- endorphin
(Immunostar, Inc., Hudson, WI, USA; 1:400 dilution), α-melanocyte-stimulating hormone
(α-MSH, Immunostar; 1:200 dilution) or cocaine-amphetamine-regulated transcript (CART;
Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA; 1:2000 dilution) using fluorescence
immunohistochemistry (38).
Statistical Analyses
Comparisons between groups were made with either the one-way, multifactorial or rank-
transformed multifactorial analysis of variance (ANOVA) followed by the Least Significant
Difference (LSD) test. Comparisons of the mEPSC and mIPSC interval and amplitude
distributions observed under basal and OFQ/N-treated conditions were evaluated via the
Kolmogorov-Smirnov test. Sample sizes for the treatment groups undergoing statistical
analyses were defined as the number of cells/treatment group. Differences were considered
statistically significant if the probability of error was <5%.
Results
We made recordings from a total of 141 ARH neurones in slices obtained from 54 animals
treated with either EB (2 μg; n = 21) or its sesame oil vehicle 30 hr (0.1 mL; n = 25). EB-
primed animals were subsequently treated with either progesterone (500 μg; n = 10) or
sesame oil (n = 11) four hr prior to experimentation, whereas vehicle-treated animals were
given sesame oil. Eight additional animals were treated with a high dose (50 μg) of EB.
Neither EB nor EB/progesterone had any effect on either the RMP (vehicle: −53.5 ± 1.3
mV; EB: −52.6 ± 1.9 mV; EB/progesterone: −55.7 ± 1.6 mV) or Rin (vehicle: 527.3 ± 61.6
MΩ; EB: 498.1 ± 49.3 MΩ; EB/progesterone: 439.4 ± 43.5 MΩ; n = 26-53).
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Experiment #1: Gonadal Steroid Modulation of Basal mEPSC and mIPSC frequency in ARH
Neurones
As shown in the bar graph in Figure 1A and the membrane current traces in Figure 2, EB
nearly doubled the basal mEPSC frequency compared to vehicle-treated controls.
Progesterone administered to EB- primed animals 4 hr prior to experimentation reversed the
EB-induced increase in mEPSC frequency (one-way ANOVA/LSD, Fsteroid = 4.19, P <
0.03, df = 2). This effect was specific to mEPSC frequency, as both EB and EB/progesterone
were without effect on mEPSC amplitude (Figure 1B; one-way ANOVA/LSD, Fsteroid =
1.04, P < 0.37, df = 2). On the other hand, neither EB nor EB/progesterone influenced
mIPSC frequency (vehicle: 5.7 ± 1.0 Hz; EB: 4.3 ± 1.4 Hz; EB/progesterone: 3.8 ± 0.8 Hz;
one-way ANOVA/LSD, Fsteroid = 0.82, P < 0.47, df = 2) or amplitude (vehicle: 11.9 ± 1.3
pA; EB: 14.5 ± 3.2 pA; EB/progesterone: 13.2 ± 2.2 pA; one-way ANOVA/LSD, Fsteroid =
0.46, P < 0.65, df = 2; n = 6-17).
Experiment #2: Gonadal Steroid Modulation of the OFQ/N-induced Presynaptic Inhibition
of Excitatory and Inhibitory Input onto ARH Neurones
Next we endeavored to ascertain whether gonadal steroids influence OFQ/N-induced
changes in synaptic input impinging upon ARH neurones. As shown in Figures 2 and 3,
OFQ/N evoked a sizable decrease in mEPSC frequency in recordings of ARH neurones
from vehicle-treated animals (Kolmogorov-Smirnov, K-S statistic = 2.17771, P < 0.0002).
EB per se appreciably diminished his effect (Kolmogorov-Smirnov, K-S statistic = 1.01558,
P < 0.26). However, progesterone administered 26 hr after EB treatment, and 4 hr prior to
experimentation, restored the ability of OFQ/N to decrease mEPSC frequency
(Kolmogorov- Smirnov, K-S statistic = 2.19203, P < 0.0002; Rank-transformed
multifactorial ANOVA/LSD, Fsteroid = 20.15, P < 0.0001, df = 2). OFQ/N also dose-
dependently decreased mIPSC frequency during recordings of ARH neurones in slices from
vehicle-treated animals (Figures 4 and 5; Kolmogorov-Smirnov, K-S statistic = 1.27279, P <
0.05). Interestingly, EB alone significantly potentiated the OFQ/N-induced reduction in
mIPSC frequency (Kolmogorov-Smirnov, K-S statistic = 2.40416, P < 0.0001), whereas in
ARH neurones from EB-primed, progesterone-treated animals it was markedly attenuated
(Kolmogorov- Smirnov, K-S statistic = 0.707107, P < 0.70; Rank-transformed multifactorial
ANOVA/LSD, Fsteroid = 28.59, P < 0.0001, df = 2, Fdose OFQ/N = 13.44, p < 0.006, df = 1; n
= 6-11). Gonadal steroids did not affect the inability of OFQ/N to alter mEPSC or mIPSC
amplitude (Figure 3 (mEPSC): Rank-transformed multifactorial ANOVA/LSD, Fsteroid =
0.28, P < 0.77, df = 2, Fdose OFQ/N = 0.09, p < 0.77, df = 1; Figure 5 (mIPSC): Rank-
transformed multifactorial ANOVA/LSD, Fsteroid = 0.10, P < 0.91, df = 2, Fdose OFQ/N =
0.13, p < 0.73, df = 1; n = 6-11)
Experiment #3: Gonadal Steroid Modulation of the OFQ/N-induced Activation of
Postsynaptic K+ Currents in ARH Neurones
Given the disparate gonadal steroid influences that we observed for the OFQ/N-induced
presynaptic inhibition of excitatory and inhibitory input onto ARH neurones, we next set out
to determine if they could similarly elicit a differential modulation of the activation of
postsynaptic K+ currents caused by the peptide. As shown in Figure 6, OFQ/N produced a
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sizable outward current in ARH neurones from vehicle-treated animals that reversed upon
clearance of the peptide from the slice. This effect was associated with an increase in
conductance, and reversed polarity near the Nernst equilibrium potential for K+ (Figure 7).
EB treatment appreciably reduced the ability of OFQ/N to activate this postsynaptic K+
current. By contrast, progesterone treatment following EB priming abrogated the negative
oestrogenic modulation of the magnitude of the OFQ/N-induced outward current.
Importantly, we saw a similarly robust OFQ/N-induced outward current in ARH neurones
from animals treated 48 hr prior with a high dose of EB (50 ug) that increases sexual
receptivity like that found in EB-primed, progesterone-treated subjects. These observations
were corroborated upon examination of the I/V plots and the conductance changes caused by
OFQ/N (Figure 7; ΔI: multifactorial ANOVA/LSD, Fsteroid = 2.28, P < 0.08, df = 3; Fvoltage
= 34.07, P < 0.0001, df = 8; Finteraction = 2.35, P < 0.0004, df = 24; Δg: multifactorial
ANOVA/LSD, Fsteroid = 11.26, P < 0.0001, df = 3; Fvoltage = 0.78, P < 0.38, df = 1;
Finteraction = 0.51, P < 0.68, df = 3; n = 11-32).
After electrophysiological recording, we identified whether 54 of the ARH neurones
evaluated in the present study that exhibited electrophysiological characteristics of POMC
neurones (e.g., hyperpolarization-activated cationic current, A-type K+ current (39-41)) were
indeed POMC neurones. Of these, 45 cells were immunocytochemically identified using
phenotypic markers of POMC neurones, including 19 that also were labelled with
Fluorogold (Figure 8). Of the nine POMC-negative cells, only one projected to the MPN.
All of the representative electrophysiological traces shown in the figures that follow were
derived from identified POMC neurones. We separated the data collected in identified
POMC neurones from that collected in POMC negative/identified cells, and summarized the
resultant findings in Table 1. Of particular note is that OFQ/N elicited a comparatively
larger inhibitory outward current (and increase in slope conductance) in POMC neurones. A
priming dose of oestradiol antagonized the outward current and increase in slope
conductance caused by OFQ/N to similar degrees in POMC neurones and POMC-negative/
unidentified cells. Subsequent progesterone treatment abrogated the oestrogenic attenuation
of the OFQ/N-induced outward current, but did not significantly affect the change in
conductance, in both POMC and POMC negative/unidentified cells. On the other hand, the
high (50 μg) dose of oestradiol, which also promotes female sexual receptivity, fully restores
all of these effects of OFQ/N in both POMC neurones and POMC negative/unidentified
cells. Of the 10 POMC neurones that exhibited this significantly more robust postsynaptic
response to OFQ/N than the POMC- negative/unidentified cells, four were Fluorogold-
positive. The RMP, Rin, ΔI and Δg of Fluorogold- positive POMC neurones were no
different than those of FG-negative POMC neurones. By contrast, OFQ/N decreased
mEPSC and mIPSC frequency to a similar degree in POMC vs. non-POMC/unidentified
cells. The ability of oestrogen priming to diminish, and subsequent progesterone treatment
to replenish, the OFQ/N-induced decrease in mEPSC frequency was indistinguishable
between POMC neurones and POMC negative/unidentified cells. Likewise, there was no
difference in the ability of oestrogen priming to accentuate, or subsequent progesterone
treatment to attenuate, the OFQ/N- induced decrease mIPSC frequency in POMC vs. POMC
negative/unidentified neurones.
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Discussion
The results of the present study demonstrate that gonadal steroids differentially modulate the
pleiotropic actions of OFQ/N in a critical region of the limbic-hypothalamic reproductive
circuitry in a manner that is coincident with changes the sexual receptive state of the female
rodent. These conclusions are based on the following observations: 1) oestradiol priming
that does not induce lordosis per se increases basal excitatory input onto ARH neurones,
attenuates both the OFQ/N-induced presynaptic inhibition of excitatory input onto ARH
neurones and the activation of postsynaptic GIRK-1 channels in ARH neurones, and
facilitates the OFQ/N-induced presynaptic inhibition of inhibitory input onto ARH neurones,
2) when the steroidal milieu favors sexual receptivity (i.e., in EB-primed, progesterone-
treated animals, or in animals treated 48 hr prior with a high dose of EB), the basal level of
excitatory input onto ARH neurones is restored, as is the ability of OFQ/N to presynaptically
inhibit excitatory input onto ARH neurones and postsynaptically activate GIRK-1 channels
in ARH neurones, 3) under the latter conditions the ability of OFQ/N to also presynaptically
inhibit inhibitory input onto ARH neurones is virtually abolished, and 4) all of these effects
are seen in a sizable population of POMC neurones, many of which also project to the MPN.
The OFQ/N-induced presynaptic inhibition of excitatory and inhibitory input converging
upon POMC and other ARH neurones that we observed presently is consistent with that
found in the cortex (17), amygdala (18) and SCN (19). We have shown previously that this
excitatory input is blocked by ionotropic glutamate receptor antagonists (10,12,21,38),
whereas the inhibitory input is abolished by GABAA receptor antagonists (21). In addition,
the OFQ/N-induced presynaptic inhibition of this excitatory input is blocked by the ORL-1
receptor antagonist UFP-101 (12), and altogether absent in ORL-1 receptor knockout mice
(10).
Much of the work in recent decades on the oestrogenic regulation of neurotransmission has
been associated with discovering and understanding the rapid effects of oestradiol. These
types of studies, mostly performed in vitro, have been important for moving the field
forward in demonstrating that steroids can rapidly affect presynaptic and postsynaptic
elements of neurotransmission by activating particular receptor subtypes of receptors and
signal transduction pathways (8). However, we now know that these oestrogenic effects can
be sustained for at least 24 hr after systemic administration, and are beginning to be placed
into physiological contexts (see 8,12,21,33 for review). Presently, we found that oestrogen
priming resulted in an increase in glutamatergic input onto POMC and other ARH neurones,
which is in agreement with increases in asymmetric synapse formation reported in the
hippocampus (42) and the ARH (43), as well as with upregulated GluR1-3 subunit
expression in the hypothalamus (44). It also diminished the ORL-1 receptor-mediated
presynaptic inhibition of glutamate release at POMC synapses, which is congruent with the
oestrogenic reduction of the CB1 receptor-mediated presynaptic inhibition of glutamate
release at POMC synapses (21). On the other hand, oestrogen priming enhanced the OFQ/N-
induced presynaptic inhibition of GABAergic input onto POMC and other ARH neurones.
This is consistent with the oestrogenic reduction of GABAergic input onto hippocampal
neurones (45), with the oestrogenic diminution of GABAergic axosomatic contacts in the
ARH (46), and with theoestrogenic accentuation of the CB1 receptor-mediated presynaptic
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inhibition of GABA release at POMC synapses (21). Thus, a priming dose of oestradiol that
induces the activation of μ-opioid receptors in the MPN differentially modulates the ability
of OFQ/N to control the output of the ARH neurones via presynaptic inhibition. Most
interestingly, progesterone treatment that reduces POMC neuronal activity as evidenced by a
decrease in the oestradiol-induced μ-opioid receptor activation in the MPN diminished
excitatory glutamate release onto POMC and other ARH neurones to levels observed in
OVX vehicle- treated controls, and restored the ability of OFQ/N to presynaptically inhibit
this glutamatergic input. This is consistent with the rapid decline in VMN glutamate levels
seen following progesterone administration to oestrogen-primed females (47). Arguably the
most seminal finding from this study is that oestradiol and progesterone treatment markedly
attenuated the ability of OFQ/N to presynaptically inhibit GABAergic input onto POMC and
other ARH neurones, which would have the effect of enhancing the inhibition. It is known
that the progesterone derivative allopregnanolone enhances GABAA receptor-mediated
currents in hypothalamic gonadotropin-releasing hormone (GnRH) neurones (48,49).
However, progesterone reduces GABAergic input impinging on these cells when
administered to oestrogen-primed animals (50). Our results indicate that the progesterone-
induced uncoupling of presynaptically localised ORL-1 receptors from the mechanisms that
inhibit GABA release represents another important way in which the steroid positively
modulates GABAergic neurotransmission in the hypothalamus. In addition, they suggest
that progesterone may regulate GABAergic neurotransmission in a site specific manner.
The OFQ/N-induced outward current that we presently encountered in POMC neurones is
associated with membrane hyperpolarization and a reduction in neuronal firing (9,12). It is
greatly diminished by UFP-101 and the GIRK channel blockers Ba2+ and tertiapin (9,12),
and completely ablated in ORL-1 receptor knockout mice (10). This ORL-1 receptor-
mediated activation of GIRK-1 channels also inhibits other ARH neurones such as the A12
dopamine and GnRH neurones (9), which accounts, at least in part, for the effects of the
peptide on the secretion of the anterior pituitary hormones prolactin and luteinizing hormone
(51,52). However, when we split the data up between POMC neurones and non- POMC/
unidentified cells, we found that the former responded in a significantly more robust fashion
to the postsynaptic actions of OFQ/N than the latter. The same did not hold true for the
presynaptic actions of OFQ/N, in that the peptide inhibited mE/IPSC frequency to similar
degrees in both POMC and POMC- negative/unidentified neurones. It follows that the
ORL1 receptor-mediated activation of postsynaptic GIRK-1 channels in POMC neurones is
more physiologically relevant than it is for other ARH cell types. Given what is known
about how POMC neurones impact homeostatic function, it stands to reason that the gonadal
steroid modulation of the hyperpolarizing response in these cells imparts a critically
important mechanism though which estradiol and progesterone exert changes in female
sexual behavior and energy homeostasis (see (8) for review). Just like with the presynaptic
inhibition of glutamatergic input, oestrogen priming attenuated the ORL-1 receptor-
mediated activation of postsynaptic GIRK-1 channels in POMC and other ARH neurones.
This is similar to the oestrogenic disruption of the μ-opioid and GABAB receptor-mediated
activation of GIRK-1 channels observed in these cells (33), and suggests that the oestrogenic
uncoupling of metabotropic Gi/o-coupled receptors from their postsynaptic effect or systems
represents a fundamental mechanism through which oestrogen priming controls POMC
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neuronal activity. The oestrogenic regulation of other ARH neurones like A12 dopamine
neurones that tonically inhibit prolactin secretion and GnRH neurones that drive the
reproductive axis is well documented. Oestrogen-primed, progesterone-treated animals, as
well as those treated 48 hr prior with a 50 μg dose of EB, exhibit sexual receptivity
concomitant with decreased μ-opioid receptor activation in the MPN. In oestrogen-primed,
progesterone-treated animals, the ability of OFQ/N to elicit the activation of GIRK-1
channels in POMC neurones was increased but only partially restored to levels observed in
OVX vehicle- treated controls, whereas animals treated 48 hr prior with 50 μg EB displayed
full restoration of the responsiveness of POMC neurones to the OFQ/N-induced activation
of GIRK-1 channels. This is in agreement with the fact that ORL-1 receptor antagonism and
immunoneutralization blocks the increase in sexual receptivity caused by 50 μg EB but not
by progesterone in EB-primed animals (11). Nevertheless, the partial progesterone-induced
restoration following oestrogen priming is in line with what we observed for basal
glutamatergic release, and for the ORL-1 receptor-mediated presynaptic inhibition of
glutamatergic input onto ARH neurones. Progesterone has been shown to directly inhibit
voltage-gated K+ channels in striatal neurones (53), and to decrease K+ flux through both
large conductance, Ca2+- activated K+ channels and GIRK channels in Xenopus oocytes
(54,55). By contrast, Kir6.2 expression is upregulated in the preoptic area of oestrogen-
primed, progesterone-treated rats (56), and this is in agreement with our present finding that
progesterone can facilitate the coupling of Gi/o-coupled receptors to GIRK-1 channels in
ARH neurones. Our results also show a dose-dependent oestrogenic regulation of the ORL-1
receptor-mediated postsynaptic actions at a critical neuroanatomical component of a
physiologically relevant circuit controlling reproductive behaviour. This is in keeping with
our recent finding that the 50 μg dose, but not the priming dose, of oestradiol reduces levels
of plasma membrane oestrogen receptor (ER)α, as well as ERα complexing with and
signaling through metabotropic glutamate receptor 1 in the ARH, 48 hr after administration
(54), which would render POMC neurones refractory to further oestrogenic stimulation.
These gonadal steroid-induced changes in ORL-1 receptor-mediated signalling at POMC
synapses temporally coincide with alterations in sexual receptivity. Oestrogen priming per
se that activates MPN μ-opioid receptors to inhibit sexual receptivity (11,34) can be
attributed, at least in part, to the ability of oestradiol to increase basal glutamatergic input
onto POMC neurones, to attenuate the ORL-1 receptor- mediated presynaptic inhibition of
glutamate release onto POMC neurones and the postsynaptic activation of GIRK-1 channels
in POMC neurones, and to accentuate the OFQ/N-induced presynaptic inhibition of
GABAergic input onto these cells. These actions culminate in an increase in the excitability
of POMC neurones, and the increased release of β-endorphin then stimulates μ-opioid
receptors in MPN neurones (11,30-32,34). This is critical for the subsequent development of
sexual receptivity, as evidenced by the fact that pretreatment with the opioid receptor
antagonists blocks the oestradiol-induced internalization of μ-opioid receptors in the MPN
(30,34) and significantly reduces the lordosis quotient oestrogen-primed, progesterone-
treated animals (57). Lordosis quotient and score also are decreased in oestrogen-primed,
progesterone-treated μ-opioid receptor knockout mice relative to their wildtype controls
(58). Moreover, β-endorphin administered into the third ventricle concomitantly with
oestrogen priming potentiates lordosis behaviour when tested five hr after subsequent
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progesterone treatment (59). OFQ/N could also be facilitating lordosis through activation of
ORL-1 receptors located in other hypothalamic areas like the VMN to regulate descending
lordosis motor output pathways (60). However, infusions of OFQ/N in the VMN region that
facilitated lordosis also deactivated the MPN μ-opioid receptors; indicating that a reduction
in the activity of POMC neurones projecting to the MPN was still required for the
behavioral expression of sexual receptivity (11). Conversely, under steroidal conditions that
favor sexual receptivity, the basal glutamatergic input impinging upon POMC neurones, as
well as the ability of OFQ/N to presynaptically inhibit glutamate release onto POMC
neurones and to postsynaptically activate GIRK-1channels in POMC neurones, are restored,
whereas the OFQ/N-induced decrease in GABA release at POMC synapses is markedly
diminished. Collectively, this results in a decrease in POMC neuronal excitability that is
associated with a reduction in MPN μ-opioid receptor activation (34). When μ-opioid
receptors are activated by exogenous agonists administered into the MPN of oestrogen-
primed, progesterone-treated rats, lordosis behaviour is appreciably attenuated (34). Thus,
our present data indicate that OFQ/N-induced presynaptic inhibition of neurotransmission
and levels of postsynaptic ORL- 1 signalling are modulated by oestradiol and progesterone
over time in a behaviourally relevant fashion.
In conclusion, our results demonstrate that gonadal steroids differentially modulate
pleiotropic ORL-1 receptor-mediated signalling at POMC synapses in a dose- and time-
specific manner. As such, they provide a newfound appreciation for how this neuropeptide
system is involved in the temporal dynamics of the gonadal steroid regulation of female
reproductive behaviour. Given that OFQ/N stimulates appetite (10,61,62), and that
oestradiol and progesterone respectively decrease and increase appetite (8,63,64), our
findings also have important implications for how gonadal steroids influence energy
homeostasis.
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Figure 1.
Baseline mEPSC frequency but not amplitude is increased in ARH neurones from OVX rats
30 hr after EB priming, which was negated four hr after subsequent in vivo progesterone
(P4) treatment. Bars represent means and vertical lines 1 S.E.M. of the basal mEPSC
frequency and amplitude measured from recordings in slices from vehicle- (open columns),
EB- (grey columns) and EB/P4-treated (black columns). The numbers in parenthesis refer to
the number of animals (on the left) and the number of cells (on the right). * = P < 0.05, one-
way ANOVA/LSD.
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Figure 2.
Gonadal steroids modulate the OFQ/N-induced presynaptic inhibition of excitatory input
onto ARH neurones in a disparate fashion. In the left-hand column of panels A-C are
baseline traces of membrane current from identified POMC neurones in slices collected
from OVX rats 30 hr after vehicle or EB priming, and four hr after a subsequent second
vehicle or progesterone (P4) treatment. In the middle column are traces from the cells in A,
B and C recorded in the presence of 100 nM OFQ/N. In the right column are the quantile
plots derived from these same cells that represent the distributions of mEPSC interval
measured under baseline conditions and in the presence of OFQ/N. * = P < 0.05,
Kolmogorov-Smirnov.
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Figure 3.
Composite bar graph that illustrates the differential gonadal steroid modulation of the
OFQ/N- induced decrease in mEPSC frequency. Estradiol priming (EB/vehicle) blocks the
OFQ/N-induced decrease in mEPSC frequency and amplitude observed in ARH neurones
from OVX vehicle-treated (vehicle/vehicle) rats, which was reinstated by subsequent
progesterone (EB/P4) treatment. Bars represent means and vertical lines 1 S.E.M. of the
mEPSC frequency that was normalized to values observed under baseline conditions within
their respective treatment groups. The numbers in parenthesis refer to the number of animals
(on the left) and the number of cells (on the right). * = P < 0.05, rank- transformed
multifactorial ANOVA/LSD.
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Figure 4.
Gonadal steroids differentially modulate the OFQ/N-induced presynaptic inhibition of
inhibitory input impinging upon ARH neurones. Thirty hours after estradiol treatment, the
decrease in mIPSC frequency caused by OFQ/N is augmented, and this is blocked four
hours after subsequent progesterone (P4) treatment. In the left-hand column are baseline
traces of membrane current in identified POMC neurones from A) vehicle-treated, B) EB-
treated and C) EB/P4-treated animals. In the middle column are traces from the cells in A, B
and C recorded in the presence of 100 nM OFQ/N. In the right column are the quantile plots
derived from these same cells that represent the distributions of mIPSC interval measured
under baseline conditions and in the presence of OFQ/N. When comparing A and B it is
worthy to note that in the one-second excerpts enclosed by the rectangle there were 31
synaptic events under baseline conditions in the example from the vehicle-treated animal,
and OFQ/N reduced this number to 16 (51.6 percent of baseline). Conversely, in the
expanded traces from the representative, oestrogen-primed example there were 19 synaptic
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events under baseline conditions, which were reduced to four in the presence of OFQ/N
(21.1 percent of baseline). * = P < 0.05, Kolmogorov-Smirnov; **, P < 0.006, Kolmogorov-
Smirnov.
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Figure 5.
Composite bar graph depicting the gonadal steroid modulation of the OFQ/N-induced
decrease in mIPSC frequency. Bars represent means and vertical lines 1 S.E.M. of the
mIPSC frequency and amplitude that were normalized to values observed under baseline
conditions within their designated treatment groups. The numbers in parenthesis refer to the
number of animals (on the left) and the number of cells (on the right). * = P < 0.05, rank-
transformed multifactorial ANOVA/LSD.
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Figure 6.
Membrane current traces that illustrate the OFQ/N-induced outward currents recorded in
identified POMC neurones from OVX rats either 30 hr after the initial vehicle or EB
priming and four hr after the second vehicle or progesterone (P4) treatment (A-C), or 48 hr
after a high dose of EB (50 μg) that elicits sexual receptivity much like that seen in EB-
primed, P4-treated animals (D). These recordings were performed in the presence of 1 μM
TTX to ensure a direct postsynaptic effect. For each example, OFQ/N application
commenced as signified by the left-hand side of the OFQ/N application timeline box located
above each set of traces. I/V relationships were routinely generated prior to, and in the
presence of, OFQ/N. This necessitated switching between gap-free and episodic protocols,
which precluded the acquisition of a single trace showing both the outward current and its
wash-out. The time necessary to conduct the second I/V and then switch back to the gap-free
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recording of washout took, at most, 90 sec. The two panels, both of equal dimensions, were
aligned along their respective X-axes. The time required for complete OFQ/N washout was
variable, and in some instances, it took as long as 20 min to be achieved. This is why the
time scales for the two halves of the recording are different.
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Figure 7.
Gonadal steroids regulate the OFQ/N-induced activation of postsynaptic K+ currents in a
hormonally dependent, behaviorally relevant manner. A) This I/V plot illustrates the
OFQ/N-induced currents measured at different voltages that were altered to varying extents
by either 2 μg EB, 2 μg EB/500 μg progesterone (P4) or 50 μg EB. B) Composite bar graph
illustrating the disparate influences on the OFQ/N-induced increase in slope conductance
(Δg) caused by these different steroid treatment paradigms. * = P < 0.05, multi-factorial
ANOVA/LSD, n = 14 animals/32 cells from vehicle/vehicle- treated group; eight animals/19
cells from 2 μg EB/vehicle-treated group; four animals/11 cells from EB/500 μg P4-treated
group; eight animals/12 cells from the50 μg EB-treated group.
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Figure 8.
A colour photomicrograph of a MPN-projecting ARC POMC neuron from which an
electrophysiological recording was taken. A) Biocytin labeling of the neuron filled
throughout the recording and visualized with AF546. B) Neuronal somata and fibers that are
immunopositive for CART as visualized by AF488. C) Retrogradely labelled ARH neurones
filled with Fluorogold that was injected into the MPN. D) Merged photomicrographs from
A-C illustrating the ARH neuron (denoted by the arrows) that was triple-labelled with
Fluorogold, biocytin and CART immunoreactivity.
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Table 1
Summary of the postsynaptic and presynaptic actions of OFQ/N on POMC neurones and unidentified ARH
neurones in slices from vehicle- and steroid-treated animals.
Postsynaptic Presynaptic
ΔI (−60
mV; pA)
Δg (−60 to
−80 mV; nS)
Δg (−100 to
−130 mV; nS)
mEPSC frequency
(% baseline)
mIPSC frequency
(% baseline)
POMC cells,
vehicle
76.0 ±
11.2* (10)
2.37 ±
0.41* (10)
2.20 ±
0.28* (10) 49.1 ± 3.0 (5) 56.7 ± 1.1 (3)
non-POMC cells,
vehicle
40.1 ± 7.2
(21)
0.90 ± 0.21
(21)
1.40 ± 0.25
(21) 52.4 ± 5.1 (6) 62.7 ± 1.8 (3)
POMC cells, 2 μg
EB
18.9 ±
9.7*,# (4)
0.29 ± 0.25#
(4)
0.71 ± 0.30*,#
(4) 94.8 ± 9.7
#
 (3) 32.8 ± 5.5# (3)
non-POMC cells,
2 μg EB
10.5 ±
5.5# (15)
0.46 ± 0.20
(15)
0.21 ± 0.19#
(15) 96.2 ± 1.5
#
 (4) 42.7 ± 0.3# (3)
POMC cells, 2 μg
EB/500 μg P4
51.0 ±
14.9* (7)
1.26 ± 0.35#
(7)
1.43 ± 0.32*,#
(7) 45.7 ± 8.0 (4) 92.8 ± 6.3
#
 (3)
non-POMC cells,
2 μg EB/500 μg
P4
31.8 ±
12.4 (4)
1.05 ± 0.38
(4)
0.83 ± 0.16#
(4) 50.5 ± 3.8 (5) 94.2 ± 1.6
#
 (3)
POMC cells, 50
μg EB
60.2* ±
13.7 (3)
2.11 ±
0.42* (3)
2.27 ± 0.34*
(3) -- --
non-POMC cells,
50 μg EB
35.3 ± 5.3
(9)
0.75 ± 0.12
(9)
1.27 ± 0.28
(9) -- --
The postsynaptic activation of GIRK-1 channels was assessed by measuring the change in the membrane holding current (ΔI) at −60 mV, and the
change in slope conductance (Δg) measured between −60 to −80 mV and −100 to −130 mV, in the presence of 1 μM OFQ/N. The presynaptic
inhibition of glutamate and GABA release was evaluated by examining the change in mEPSC frequency and mIPSC frequency, respectively, in the
presence of 100 nM OFQ/N.
*Values from POMC neurones that are significantly different (P < 0.05, two-way ANOVA/LSD) than those from unidentified ARH neurones.
#Values in neurones from steroid-treated animals that are significantly different (P < 0.05, two-way ANOVA/LSD) than those from their vehicle-
treated counterparts.
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A B S T R A C T
The appetite suppressant actions of estradiol are due to its ability to attenuate orexigenic signals and
potentiate anorexigenic signals. The work from my laboratory has shown that male guinea pigs are more
sensitive to the hyperphagic and hypothermic effects of cannabinoids than their female counterparts.
Cannabinoid sensitivity is further dampened by the activational effects of estradiol. This occurs via the
hypothalamic feeding circuitry, where estradiol rapidly attenuates the cannabinoid CB1 receptor-
mediated presynaptic inhibition of glutamatergic input onto anorexigenic proopiomelanocortin (POMC)
neurons in the arcuate nucleus. This disruption is blocked by the estrogen receptor antagonist ICI
182,780, and associated with increased expression of phosphatidylinositol-3-kinase (PI3K). Moreover,
the ability of estradiol to reduce both the cannabinoid-induced hyperphagia and glutamate release onto
POMC neurons is abrogated by the PI3K inhibitor PI 828.
The peptide orphanin FQ/nociceptin (OFQ/N) activates opioid receptor-like (ORL)1 receptors to
hyperpolarize and inhibit POMC neurons via the activation of postsynaptic G protein-gated, inwardly-
rectifying (GIRK) channels. We have demonstrated that the fasting-induced hyperphagia observed in ORL1-
null mice is blunted compared to wild type controls. In addition, the ORL1 receptor-mediated activation of
GIRK channels in POMC neurons from ovariectomized female rats is markedly impaired by estradiol. The
estrogenic attenuation of presynaptic CB1 and postsynaptic ORL1 receptor function may be part of a more
generalized mechanism through which anorexigenic hormones suppress orexigenic signaling. Indeed, we
have found that leptin robustly suppresses the OFQ/N-induced activation of GIRK channels in POMC
neurons. Furthermore, its ability to augment excitatory input onto POMC neurons is blocked by PI 828. Thus,
estradiol and other hormones like leptin reduce energy intake at least partly by activating PI3K to disrupt the
pleiotropic functions of Gi/o-coupled receptors that inhibit anorexigenic POMC neurons.
ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
It has long been known that hypothalamic lesions produce
obesity [1], and over the past several decades the scientific
community has witnessed an explosion in the number of
investigations into the hormonal and synaptic determinants
underlying the hypothalamic control of energy homeostasis. The
hypothalamic feeding circuitry comprises both orexigenic and
anorexigenic components. The orexigenic components can be
found in the lateral hypothalamic area (LHA) housing the orexin-
and melanin-concentrating hormone (MCH)-containing somata
[2], as well as the in the arcuate nucleus (ARC) where the
neuropeptide Y (NPY)/agouti-related peptide (AgRP)- and ghrelin-
containing somata reside [3–5]. Conversely, anorexigenic compo-
nents can be found in the ARC as well as the hypothalamic
paraventricular nucleus (PVN) that contain the cell bodies of the
proopiomelanocortin (POMC) and corticotropin-releasing hor-
mone (CRH) neurons, respectively [2,6]. The hypothalamic
ventromedial nucleus (VMN) is also involved in satiety, as lesions
of this region cause profound hyperphagia and obesity [7,8]. There
is extensive synaptic reciprocity and interconnectivity between the
nuclei comprising the hypothalamic feeding circuitry, which is also
sensitive to circulating levels of nutrients and peripheral hormones
such as glucose, insulin, ghrelin and leptin [9,10]. Interestingly, all
of the afferent elements of the hypothalamic feeding circuitry
project to the PVN, where they make synaptic contact with the CRH
neurons residing there [9,10]. Thus, the CRH neurons serve as a
point of convergence and synaptic integration that is important for
generating an efferent response to changes in the prevailing
energetic environment.
The neurons within the hypothalamic feeding circuitry express
signaling molecules such as phosphatidylinositol-3-kinase (PI3K)
and AMP-activated protein kinase (AMPK) that mediate the
glucose sensing and changes in neuronal activity that occur upon
leptin and insulin receptor activation [11–14]. These and other
hormones can also influence the levels of orexigenic endocanna-
binoids such as 2-arachidonoylglycerol (2-AG) within the nuclei
comprising the hypothalamic feeding circuitry. For example, the
orexigenic effect of ghrelin, as well as its ability to presynaptically
inhibit glutamatergic input onto parvocellular neurons in the PVN,
is due to augmented biosynthesis of 2-AG in the hypothalamus that
then increases hypothalamic AMPK activity [15] via CB1 receptor
activation. Conversely, anorexigenic leptin decreases hypothalamic
endocannabinoid levels, which are elevated in obese Zucker (fa/fa)
rats [16,17]. In addition, leptin diminishes the glucocorticoid-
stimulated, endocannabinoid-mediated decrease in glutamatergic
input onto parvocellular PVN neurons, an effect that is absent in fa/
fa rats [17]. Moreover, CB1 receptors are expressed in the LHA [18],
PVN [2] and the VMN [19], and administration of CB1 receptor
agonists like tetrahydrocannabinol (THC) and anandamide into
these hypothalamic nuclei elicits a hyperphagic response [20,21].
Furthermore, in the LHA endocannabinoids retrogradely inhibit
GABAergic input onto MCH neurons [22], and the elevated
endocannabinoid biosynthetic capacity seen with diet-induced
obesity and in ob/ob mice enhances the retrograde inhibition of
GABAergic input onto orexin neurons [18]. While it is clear that
cannabinoids can impact the homeostatic control of energy
balance, they can also influence hedonic aspects of consumption;
particularly in relation to highly palatable foods. For example,
cannabinoids influence synaptic transmission in the nucleus
accumbens, a structure containing the terminal fields of the
mesolimbic dopamine neurons mediating natural and drug-
induced reward [23,24]. In addition, diet-induced obesity is
associated with a down-regulation of CB1 receptors in extra-
hypothalamic regions like the nucleus accumbens; suggesting that
endogenous cannabinoids provide the initial impetus for the
ingestion of palatable food [25]. Indeed, administration of the
endogenous cannabinoid agonists 2-AG and anandamide into the
nucleus accumbens stimulate feeding and augment the “liking” of
intraoral sucrose [26,27]. By contrast, blockade of CB1 receptors
with Rimonabant diminishes dopamine release in the nucleus
accumbens caused by ingestion of highly palatable food [28].
Interestingly, the cell bodies of mesolimbic dopamine neurons
from peripubertal female rats are more sensitive to endocanna-
binoid-mediated depolarization-induced suppression of GABAA
receptor-mediated inhibition (DSI) than those from their male
counterparts [29]. However, given the burgeoning wealth of
information on the neuroendocrine regulation of the hypothalamic
feeding circuitry, we focus here on the modulation of orexigenic,
metabotropic Gi/o-coupled receptors such the CB1 and opioid
receptor-like (ORL)1 receptors by the anorexigenic hormones
estradiol and leptin.
1.1. Sex differences in the cannabinoid regulation of energy
homeostasis
The literature is replete with examples of sex differences in
cannabinoid-regulated biology. For example, female rodents are
more sensitive to the antinociceptive effect of cannabinoids than
their male counterparts [30,31]. They are more sensitive to the
locomotor actions of cannabinoids as well [30–32]. In humans,
women are more responsive to the cannabinoid-induced ortho-
static hypotension that occurs when transitioning from the supine
to the standing position [33]. They are more susceptible to the
visuospatial memory impairment caused by cannabinoids as well
[34]. Self-administration studies have revealed that female rats
more rapidly acquire stable cannabinoid intake than males, and
maintain a higher rate of responding [35]. Likewise, developmental
studies have uncovered that females rats are more vulnerable to
the effects of adolescent cannabinoid exposure on subsequent
behavioral and biochemical changes (e.g., anhedonia, CB1 receptor
downregulation) occurring in adulthood [36]. Similar studies have
shown sexually disparate, behavioral interactions between sub-
chronic nicotine exposure during adolescence and acute cannabi-
noid administration in adulthood [37].
While the considerable majority of the evidence presented
above indicates that females are more responsive to cannabinoids,
the converse is true with regard to energy homeostasis. For
example, CB1 receptor agonists administered into the fourth
ventricle of male rats are 10 more potent in stimulating the
consumption of sweetened condensed milk than they are in
females [38]. In addition, we have demonstrated that CB1 receptor
agonists produce a greater increase in cumulative energy intake in
orchidectomized male guinea pigs than they do in their
ovariectomized female counterparts [39]. They also produce a
reduction in core body temperature that is 0.5 C greater in
orchidectomized males than that observed in ovariectomized
females [39].
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1.2. Estrogenic modulation of cannabinoid-induced changes in energy
homeostasis
The sex differences that we observed in the cannabinoid
regulation of energy balance occurred in castrated animals. This
begged the question: what are the activational effects of estradiol
in modulating cannabinoid-induced changes in energy balance in
the female? Estradiol is a well-documented anorexigenic hormone
that, in humans, diminishes energy intake during the periovula-
tory phase of the menstrual cycle [40] and, in rodents, decreases
consumption during the estrus phase of the estrous cycle [41]. It
does so, in general, by attenuating orexigenic signaling and
potentiating anorexigenic signaling within the hypothalamic
feeding circuitry [42]. Using an established treatment paradigm
schematically represented by the timeline shown in Fig. 1, we
found that estradiol per se increased the expression of the PI3K
p85a regulatory subunit in the ARC (Fig. 2). Western blotting of
ARC tissue microdissected from two to three 1mm-thick coronal
slices spanning its rostral-caudal extent as described previously
[43–45] revealed clear phosphorylated Akt (pAkt) and total Akt
bands measuring 60 KDa in weight (Fig. 3). Estradiol administered
two hours prior to tissue harvesting increased the amount of pAkt
in the ARC compared to vehicle-treated controls (Fig. 3). As we
have previously reported [43–46], estradiol also decreased
cumulative energy intake, as well as several measures of energy
expenditure such as O2 consumption, CO2 production and
metabolic heat production (Fig. 4). The estradiol-induced
decreases in energy intake, but not energy expenditure, were
blocked by the PI3K inhibitor PI 828 (Fig. 4). Most importantly, we
have found that estradiol rapidly attenuates cannabinoid-induced
hyperphagia and hypothermia [46], the former of which is restored
when PI 828 is co-administered along with the cannabinoid
receptor agonist WIN 55,212-2 into the third ventricle of
ovariectomized, estradiol-treated female guinea pigs (Fig. 5).
These findings are in keeping with the fact that estradiol decreases
the hypothalamic expression of the CB1 receptor [47], and that
levels of anandamide and 2-AG in the rodent hypothalamus are
reduced during proestrus relative to diestrus [48].
We then endeavored to resolve this estrogenic diminution of
the cannabinoid-induced increase in energy intake down to the
level of the hypothalamic feeding circuitry. Our electrophysiologi-
cal studies revealed that the cannabinoid agonist WIN 55,212-2,
upon activation of a metabotropic, Gi/o-coupled receptor like the
CB1 receptor, decreased the number of excitatory synaptic events
impinging on anorexigenic POMC neurons per unit time in vehicle-
treated hypothalamic slices (Fig. 6). This was evident upon
examination of either the representative traces of membrane
current, or the cumulative distribution plots of the interval
between contiguous miniature excitatory postsynaptic currents
(mEPSCs), under baseline control conditions and in the presence of
WIN 55,212-2. By contrast, bath application of estradiol for a mere
10 min markedly blunted the ability of WIN 55,212-2 to decrease
the number of excitatory synaptic events per unit time (Fig. 6).
However, co-perfusion of the estrogen receptor antagonist ICI
182,780 along with estradiol enabled WIN 55,212-2 to significantly
decrease the number of excitatory synaptic events per unit time to
a level observed in recordings from vehicle-treated slices
(Figs. 6 and 7). Likewise, PI 828 abrogated the estrogenic
attenuation of the ability of WIN 55,212-2 to decrease mEPSC
frequency (Fig. 7). Collectively, this demonstrates that estradiol
Fig. 1. Timeline for behavioral testing in the female guinea pig. Stereotaxic guide cannula implantations and ovariectomies were performed after inducing anesthesia with
ketamine/xylazine (33 mg/kg and 6 mg/kg, respectively; s.c.), while maintaining the anesthetic plane with 1.5–2% isoflurane. Animals were given seven days to recover after
the first surgery and six days of recovery after the second; at which time the in vivo experiments were initiated. The analyses for energy balance were performed in a
Comprehensive Lab Animal Monitoring System (CLAMS; Columbus instruments), as described in the timeline. After three days of acclimation to the CLAMS chamber, energy
intake and expenditure for each animal were monitored around the clock for five days. Each morning at 8:00 a.m., treatments of either CB1 receptor agonist WIN 55,212-2
(3 mg; i.3.v.) and/or PI 828 (30 mg; i.3.v) or their cremephor/ethanol/saline (1/1/18; v/v/v) vehicle were given. Every other day animals were pretreated with EB (10 mg; s.c.) or
its sesame oil vehicle (0.1 mL) 15 min prior to the central administration of the aforementioned drugs. At the end of the five-day monitoring period, the animals were
anesthetized with 32% isofluorane, rapidly decapitated, and the brain removed. Two to three coronal slices (1 mm in thickness) spanning the rostral-caudal extent of the ARC
were prepared using a guinea pig brain matrix (Ted Pella, Inc.; Redding, CA, USA), and stored in RNAlater (Ambion, Inc.; Austin, TX, USA) for 2–3 h. The ARC was then
microdissected from the slices for subsequent determination of PI3K p85a regulatory subunit mRNA expression and Akt phosphorylation via quantitative polymerase chain
reaction and Western blotting, respectively.
Fig. 2. Estradiol benzoate (EB) increases PI3K expression in the ARC. Bars represent
means and vertical lines 1 SEM of the PI3K, p85a regulatory subunit mRNA
expression determined in ARC tissue. *Values measured in EB- treated animals that
are significantly different (Mann–Whitney U-test; p < .05; n = 5–8) than those
measured in vehicle-treated controls. Adapted from [43] (MDPI AG Basel).
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activates PI3K to diminish the cannabinoid-induced increase in
energy intake that occurs, at least in part, via a reduction in the
cannabinoid-induced presynaptic inhibition of excitatory input
onto POMC neurons. In view of this rapid estrogenic attenuation of
the cannabinoid-induced decrease in glutamate release onto
POMC neurons, it therefore should not be surprising that estradiol
per se increases basal mEPSC frequency in POMC neurons as well as
POMC expression in the ARC [43,49,50]. We and others have shown
that these rapid effects of estradiol on POMC neurons are due to
activation of estrogen receptor (ER)a and a Gq-coupled membrane
ER (Gq-mER)[42,44,51]. These ERs can be trafficked and tethered to
the plasma membrane via caveolins and palmitoylation, as has
been shown in the ARC, hippocampus and vascular endothelial
cells [52–54].
1.3. Anorexigenic hormone modulation of opioid receptor-like (ORL) 1
receptor-mediated signaling in POMC neurons
The question arises: can estradiol negatively modulate the
coupling of other orexigenic, Gi/o-coupled receptors to their
effector systems in POMC neurons? One such likely candidate is
the ORL1 receptor, which is found in abundance in the mediobasal
hypothalamus [55–58]. The ORL1 receptor is the cognate receptor
of the endogenous peptide orphanin FQ (aka nociceptin; OFQ/N)
[57,59]. When activated by OFQ/N, the ORL1 receptor hyper-
polarizes and thereby inhibits POMC neurons via activation of a G
protein-gated, inwardly-rectifying K+ (GIRK) channel [60]. This
observation is consistent with the fact that: (1) OFQ/N stimulates
energy intake in rats [61,62], (2) OFQ/N prolongs deprivation-
induced consumption and decreases c-fos expression in POMC
neurons at the time of meal termination [63], and (3)
ORL1 knockout blunts fasting-induced hyperphagia [64]. In
electrophysiological recordings of POMC neurons from vehicle-
treated, ovariectomized female rats, we found that OFQ/N
produced a robust outward current that returned to baseline
levels of holding current upon its clearance from the slice (Fig. 8A).
This outward current was associated with an increase in
conductance, and reversed polarity around the Nernst equilibrium
potential for K+ (Fig. 8B and 8C). These are characteristic features
associated with activation of GIRK channels. However, in
Fig. 3. EB activates Akt in the ARC. A, Representative Western blots illustrating the levels of Akt, pAkt, and the loading control GAPDH in the ARC microdissected from EB- and
vehicle-treated animals. B, Composite bar graph illustrating the pAkt/Akt ratio determined in ARC microdissections from animals treated 2 h prior with either EB or its sesame
oil vehicle. Bars represent means and vertical lines 1 S.E.M., respectively. *Values from EB-treated animals that are significantly different (Mann–Whitney U-test; p < 0.05;
n = 6) from vehicle-treated controls.
Fig. 4. EB decreases energy intake and expenditure, the former of which is dependent on the activation of PI3K. The composite bar graphs illustrate whether the PI3K inhibitor
PI 828 (30 mg; i.3.v.) can block the changes in food intake, O2 consumption, CO2 production and metabolic heat production caused by EB (10 mg; s.c.). Bars and vertical lines
represent means and 1 S.E.M., respectively. *Values from EB-treated and EB/PI 828-treated animals that are significantly different (p < 0.05; one-way ANOVA/LSD; n = 4–10)
than those from vehicle-treated controls.
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recordings of POMC neurons from estradiol-treated animals, this
OFQ/N-induced activation of GIRK channels was markedly dimin-
ished (Fig. 8).
Do other anorexigenic hormones negatively modulate the
function of orexigenic, Gi/o-coupled receptors? One likely candi-
date is the adipokine leptin that is the product of the ob gene [65].
Once released by adipocytes, it activates its cognate receptor that is
expressed in several hypothalamic appetite-regulating centers to
suppress energy intake via negative feedback [22,65–70]. Rodents
and humans lacking either the leptin receptor or leptin itself
exhibit several features that are characteristic of perturbed energy
homeostasis; including hyperphagia, increased adiposity, hyper-
glycemia, hyperinsulinemia and dyslipidemia [65,71–73]. In
addition, obesity seen under a variety of pathophysiological
conditions is most often associated with hyperleptinemia and
leptin resistance [72,74–76].
Leptin receptor activation elicits a complex signal transduction
cascade, one that shares several features in common with estrogen
receptor signaling [77]. The receptor has a cytoplasmic domain
that, following activation and subsequent dimerization, allows for
the association of Janus kinases (JAKs). This interaction leads to the
activation of JAKs that, in turn, facilitates the recruitment and
tyrosine phosphorylation of other molecules like signal transducer
and activator of transcription (STAT)-3, insulin receptor substrate,
forkhead box protein, mammalian target of rapamycin, extracellu-
lar signal-regulated protein kinase (ERK), phospholipase C (PLC),
and PI3K/Akt [12,13,78–81].
In POMC neurons, and in steroidogenic factor (SF) 1-containing
neurons in the VMN, this signaling pathway leads to a membrane
depolarization that increases the probability of generating action
potentials [13,68,82,83]. This increase in firing rate ultimately is
due to an inward current caused by the leptin-induced activation of
postsynaptic transient receptor potential C (TRPC) channels [81].
On the other hand, leptin hyperpolarizes NPY/AgRP neurons [84]
and attenuates the fasting-induced increase in neuronal firing [85],
which may be attributed to the activation of postsynaptic KATP
channels in these cells [86]. Leptin also disrupts endocannabinoid-
mediated DSI in MCH [22] and orexin [18] neurons in the LHA.
Conversely, it has been reported to decrease inhibitory GABAergic
input onto POMC neurons [87]. Leptin receptors are also expressed
in glutamatergic neurons in the VMN that play an important role in
the leptin-induced changes in energy balance [19,88,89]. Similar to
estradiol, we found that a brief exposure to leptin, in the presence
of 2-APB to block the depolarizing effect of TRPC channel activation
[81], markedly attenuated the reversible, OFQ/N-induced outward
current in POMC neurons from ovariectomized female rats, as well
as the associated increase in conductance (Fig. 9). We also found
that leptin increased the number of excitatory synaptic events per
unit time impinging on POMC neurons from ovariectomized
female rats, which can be readily ascertained upon examination of
both the representative traces of membrane current and the
quantile plot depicting the significant leptin-induced shift in the
cumulative probability distribution for the interval between
contiguous mEPSCs (Fig. 10A and C). Importantly, this leptin-
induced increase in mEPSC frequency is completely reversed by PI
828 (Fig. 10B and C). Thus, both estradiol and leptin can negatively
modulate the coupling of orexigenic, Gi/o-coupled receptors to
their effector systems. The resultant increase in POMC neuronal
activity occurs through facilitation of excitatory neurotransmis-
sion, antagonism of GIRK channel currents, and activation of TRPC
channels in these cells via stimulation of PI3K.
2. Significance
The results gathered by our laboratory over the past few years
have uncovered sex differences in, and modulatory effects of
anorexigenic hormones on, the neuroendocrine regulation of
energy homeostasis. Male guinea pigs are more responsive than
females to cannabinoid-induced increases in energy intake and
decreases in core body temperature, and estradiol further damp-
ens these effects in females. These findings are consistent with
those observed in the rat [38], and have clear clinical relevance. In
the phase II trial and randomized, placebo-controlled studies
touting the efficacy of THC and dronabinol to ameliorate cachexic
symptoms and promote appetite in patients with cancer [90] and
HIV/AIDS [91,92], the considerable majority of study participants
were men. However, in another clinical trial in which the gender
ratio of the cancer patients was more equitably distributed, the
results were not as compelling [93]. This reinforces the idea that
gender and endocrine status needs to be taken into account in
developing rational therapies for the treatment of HIV/AIDS- or
cancer-related cachexia. Thus, it is predicted that CB1 receptor
agonists would be less effective in normally cycling women,
especially around the time of ovulation, and more effective under
hypoestrogenic conditions such as anorexia nervosa, in which
dronabinol promotes weight gain [94], and menopause. Regarding
the latter, 80% of the participants in the RIO-North America
obesity trial were women with an average age of 45 years that
showed significant improvement in body weight, waist circumfer-
ence and blood lipid profile following long-term treatment with
the CB1 receptor antagonist Rimonabant [95]. Were it not for an
increase in the incidence of dysphoric side effects (e.g., nausea,
anxiety and, to a lesser extent, depression) relative to that
experienced in placebo-treated controls, this drug undoubtedly
would still be on the market to this day. While baseline female
reproductive status was not specifically evaluated in this study, it is
quite reasonable to assume that a substantial fraction of the study
participants were women who were either poised to enter into
their climacteric or fully menopausal. With this in mind, the
Fig. 5. PI3K mediates the estrogenic attenuation of the cannabinoid-induced
hyperphagia. This composite bar graph illustrates the ability of PI 828 to rescue the
increase in energy intake caused by WIN 55,212-2 in EB-treated animals. Bars
represent means and vertical lines 1 S.E.M. of the amount of food eaten in the one
hour following the various treatment conditions. *Values of food intake in animals
treated with WIN 55,212-2 that are significantly different (p < 0.05; multi-factorial
ANOVA/LSD; 4–10) from vehicle-treated controls.
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Fig. 6. Estradiol (E2) rapidly attenuates the cannabinoid receptor agonist-induced presynaptic inhibition of glutamate release onto POMC neurons via an ER receptor-
mediated mechanism. A, Spontaneous mEPSCs recorded in a vehicle-treated ARC neuron at baseline (left) and following exposure to 1 mM WIN 55,212-2 (right). To the right of
the membrane current traces is the cumulative probability plot illustrating the increase in interval (inverse of frequency) between contiguous mEPSCs in the cell on the left. To
the right of the cumulative probability plot is the double-labeling of this same neuron that is immunopositive for b-endorphin (a, biocytin-streptavidin-AF488 labeling; b,
b-endorphin immunofluorescence visualized by AF546; c, composite overlay). B, Spontaneous mEPSCs in a cell perfused with 100 nM E2 at baseline (left) and following
exposure to 1 mM WIN 55,212-2 (right). To the right of the membrane current traces is the cumulative probability plot illustrating the interval between contiguous mEPSCs
that substantiates the lack of cannabinoid effect in the E2-treated slice containing the cell on the left. To the right of the cumulative probability plot is the double-labeling of
this same neuron that is immunopositive for cocaine-and amphetamine-regulated transcript (CART; a, biocytin-streptavidin-AF488 labeling; b, CART immunofluorescence
visualized by AF546; c, composite overlay). C, Spontaneous mEPSCs recorded in a neuron co-treated with 100 nM E2 and 1 mM ICI 182,780 at baseline (left) and following
exposure to 1 mM WIN 55,212-2 (right). To the right of the membrane current traces is the cumulative probability plot illustrating the ability of ICI 182,780 to restore the
cannabinoid receptor agonist-induced decrease in mEPSC frequency. To the right of the cumulative probability plot is the double-labeling of this same neuron that is
immunopositive for a-melanocyte-stimulating hormone (a-MSH; a, biocytin-streptavidin-AF488 labeling; b, a-MSH immunofluorescence visualized by AF546; c, composite
overlay). *Distribution of the mEPSC interval in the presence of WIN 55,212-2 that is significantly different (Kolmogorov–Smirnov test, p < .05) than that observed under basal
conditions. Printed with permission from [43] (MDPI AG Basel).
Fig. 7. The estrogenic attenuation of the cannabinoid-induced decrease in glutamate release in blocked by PI 828. Spontaneous mEPSCs in a cell perfused with E2 and 10 mM PI
828 at baseline (left) and following exposure to 1 mM WIN 55,212-2 (right). To the right of the membrane current traces is the cumulative probability plot illustrating the
interval between contiguous mEPSCs that substantiates the ability of PI 828 to restore the inhibitory effect of WIN 55,212-2 on mEPSC frequency. To the right of the cumulative
probability plot is the composite bar graph illustrating the efficacy of ICI 182,780 and PI 828 to block the E2-induced attenuation of the decrease in mEPSC frequency caused by
WIN 55,212-2. Bars represent means and vertical lines 1 SEM of the cannabinoid receptor agonist-induced decrease in mEPSC frequency. *Distribution of the mEPSC interval in
the presence of WIN 55,212-2 that is significantly different (Kolmogorov–Smirnov test, p < .05) than that observed under basal conditions. #, Values measured in E2-treated
slices that are significantly different (Kruskal–Wallis/median-notched Box-and-Whisker analysis; p < .05; n = 5–8) than those measured in the other treatment conditions.
Printed with permission from [43] (MDPI AG Basel).
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Fig. 8. Estradiolattenuates OFQ/N-induced postsynaptic currents. (A) Membranecurrent traces from identified POMC neurons recorded in the presence of 1 mM TTX showing that
2 mgEBgiven30 hearlier toovariectomizedfemaleratshadreducedOFQ/N-inducedoutwardcurrentscomparedtotherecordedneurons fromvehicle-treatedcontrolanimals.The
solid arrows represent the commencement of the OFQ/N and TTX application, whereas the broken arrows denote the cessation of the application. (B) This I/V plot illustrates the
reduced OFQ/N induced currents in neurons from EB treated animals compared to oil vehicle controls. (C) Composite bar graph illustrating the marked reduction in slope
conductance (Dg)caused byEB compared to oilvehiclecontrol animals. *p < 0.05, multi-factorial ANOVA/LSD, n = 16–19. Printed with permission from [102] (S. Karger AG, Basel).
Fig. 9. Leptin attenuates the OFQ/N-induced activation of postsynaptic K+ currents in ARC neurons from ovariectomized female rats. A, Membrane current traces from a POMC
neuron, generated during awhole-cellvoltage clamp recording at a holding potential of 60 mV in the presence of 1 mM TTX, that depict the robust and reversible outward current
caused by 1 mM OFQ/N. B, Membrane current traces generated as in A that show how leptin pretreatment (in the presence of 2-APB) reduces the OFQ/N-induced activation of GIRK
channels. The arrows denote the termination of drug application. C, This I/V plot, generated from a series of depolarizing and hyperpolarizing voltage pulses (10 mV increments;
150 msec in duration) ranging from 50 to 130 mV, illustrates the OFQ/N-induced currents measured at different voltages that were diminished by leptin pretreatment. D,
Composite bar graph illustrating how leptin dampens the OFQ/N-induced increase inDg that was calculated between 60 and 80 mV, as well as between 100 and 130 mV, via
linear regression. *p < 0.05, multi-factorial ANOVA/LSD; n = 13.
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Fig. 10. The leptin-induced increase in glutamatergic input is prevented following inhibition of PI3K. The traces of membrane current, generated during whole-cell voltage
clamp recordings at a holding potential of 75 mV in the presence of 500 nM TTX and 10 mM SR 95,531 to block GABAA receptor-mediated input, show the mEPSCs in
recordings of POMC neurons from ovariectomized female rats under basal conditions and in the presence of 100 nM leptin, alone (A) and following pretreatment with PI 828
(B; 10 mM). The cumulative probability plots on the right illustrate the interval distribution between >100 contiguous mEPSCs, and substantiate the ability of PI 828 to
eliminate the leptin-induced increase in mEPSC frequency. *p < 0.05, Kolmogorov–Smirnov. C, Composite bar graph that summarizes the leptin-induced enhancement of
glutamatergic input onto POMC neurons, which occurs via a PI3K pathway. Bars represent means and vertical lines 1 S.E.M. of the mEPSC frequency that was normalized to
values observed under baseline conditions within their designated treatment groups. *p < 0.05, Mann-Whitney U-test n = 4–6.
Fig. 11. Schematic for how estradiol disrupts CB1 receptor-mediated signaling at glutamatergic inputs onto POMC neurons. Estrogens rapidly uncouple cannabinoid
CB1 receptors from their effector systems in the glutamatergic nerve terminal by activating nNOS. This is achieved through an increase in PI3K, which enhances
phosphatidylinositol triphosphate (PIP3), in turn up-regulating Akt leading to augmented nNOS [45]. The increased enzyme activity may reduce endocannabinoid tone either
by inhibiting synthesis, enhancing breakdown, or promoting reuptake and removal from the synaptic cleft. Alternatively, the nitric oxide produced may act transynaptically in
a retrograde fashion to uncouple the CB1 receptor from its effector system(s) in the glutamatergic nerve terminal.
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Rimonabant-induced amelioration of the perturbed energy
balance observed in the RIO-North America obesity trial might
be explained, at least in part, by its ability to block the enhanced
endocannabinoid tone resulting from the hypoestrogenic state
experienced by a large percentage of the study participants.
The sex difference in, and estrogenic influence on, the
cannabinoid regulation of energy homeostasis observed at the
behavioral level is accompanied by parallel underlying changes in
the cellular physiology at POMC synapses. In females,
CB1 receptors couple to and thereby activate Kv4.2 channels
associated with a transient A-type K+ current in POMC neurons by
reducing the amount of hyperpolarization required to transition
the channels from the inactivated to the closed state [96], whereas
in males they couple to GIRK channels that elicit a sizable outward
current and membrane hyperpolarization [97]. Estradiol antago-
nizes the cannabinoid-induced activation of the Kv4.2 channels in
POMC neurons, and attenuates the cannabinoid-induced presyn-
aptic inhibition of glutamatergic input impinging upon these cells
[46,98]. It does so by activating ERa and the Gq-mER [44]. This ER-
mediated disruption of CB1 receptor/effector coupling in and
around POMC neurons can be attributed to activation of PI3K,
which is an upstream signaling molecule responsible for a variety
of estradiol-mediated effects ranging from synaptogenesis [99] to
endothelial nitric oxide production [100]. The pathway though
which estradiol impairs CB1 receptor-mediated signaling also
includes protein kinase C (PKC) and neuronal nitric oxide synthase
(nNOS), as inhibitors of these enzymes rescue both the cannabi-
noid-induced hyperphagia and presynaptic inhibition of glutamate
release onto POMC neurons in the presence of the steroid [44,45].
These synaptic dynamics are illustrated in Fig. 11. Finally, the
estradiol-induced activation of PI3K is involved along with PLC,
PKC and protein kinase A in uncoupling other metabotropic, Gi/o-
coupled receptors like the GABAB and m-opioid receptors from
their GIRK channels in POMC neurons [51,101].
In addition, estradiol diminishes the coupling of ORL1 receptors
from their postsynaptic GIRK channels in POMC neurons, and
reduces the OFQ/N-induced presynaptic inhibition of glutamater-
gic input onto these cells [102]. Activation of ARC ORL1 receptors
by OFQ/N elicits orexigenesis [62], due in large part to reduced
excitability of POMC neurons involved in meal termination [63].
This reduced POMC neuronal activity is the result of the
ORL1 receptor-mediated hyperpolarization caused by activation
of postsynaptic GIRK channels as well as the decreased glutamate
release onto these cells [60,64,102]. Moreover, fasting-induced
hyperphagia, as well as the pleiotropic actions of OFQ/N on POMC
neurons, are appreciably blunted in ORL1 receptor null mice [64].
Thus, the disruption of the function of the orexigenic, Gi/o-coupled
ORL1 receptor expressed in POMC neurons and its excitatory
synaptic inputs represents another physiologically relevant
example of how estradiol exerts its anorexigenic actions. Further-
more, it is consistent with the estrogenic attenuation of the
ORL1 receptor-mediated antinociception that occurs via an ERK-
dependent mechanism [103].
Most interestingly, leptin can also impair ORL1 receptor/GIRK
channel coupling in POMC neurons. This observation cannot be
attributed simply to a matter of synaptic integration because TRPC
channels, whose activation by leptin would exert opposing
influences on membrane current (or potential) [81], were blocked
by 2-APB. Therefore, the most parsimonious explanation is that
leptin hampers the ability of OFQ/N to activate GIRK channels in
POMC neurons. The signaling pathways of estradiol and leptin
share many components in common including, but not limited to,
STAT-3 and PI3K [77]. Both hormones also increase excitatory
synaptic input onto POMC neurons [43,77]. This excitatory input
arises from SF1-containing, leptin receptor- and CB1 receptor-
bearing neurons in the VMN that are sensitive to fasting and
reduced in ob/ob mice [10,19,88,89,104]. We have shown previously
that this excitatory input is obliterated following application of
ionotropic glutamate receptor antagonists [64,98]. In addition, we
found that the leptin-induced increase in glutamatergic neuro-
transmission received by POMC neurons is due to the activation of
a PI3K pathway. This same signaling molecule is also critical for the
leptin-induced activation of TRPC channels and the subsequent
increase in the excitability of these cells [13,81]. Moreover, OFQ/N
hyperpolarizes and thereby inhibits these same leptin receptor-
expressing VMN neurons via activation of GIRK channels [105].
Collectively, these findings illustrate the anatomical convergence
and dynamic regulatory interplay between the SF1-containing,
leptin receptor- and CB1 receptor-bearing VMN neurons and the
anorexigenic POMC neurons, and how their activity can be
profoundly influenced by estradiol, leptin, cannabinoids and
OFQ/N. In conclusion, our findings lend considerable insight into
the pleiotropic mechanisms through which these anorexigenic
hormones modulate the function of orexigenic, Gi/o-coupled
receptors. Given that they also help coordinate the timing of
sexual behavior with ovulation, fertilization and implantation
[42,106–110], they help to establish the inexorable link between
energy homeostasis and reproduction. Thus, during times of
heightened female sexual receptivity, as seen during behavioral
estrus around the time of ovulation, the primary focus is on finding
an appropriate male counterpart with which to mate. Other
appetitive behaviors related to energy intake are secondary. If
successful fertilization has been achieved, then the converse would
be true in the luteal phase, during which time an increased energy
demand is created by the blastocyst being implanted into
estradiol-primed, progesterone-stimulated uterine endometrium.
On the other hand, primary amenorrheic individuals like those
suffering from anorexia nervosa are both hypoestrogenemic and
hypoleptinemic [111,112]. Refeeding in these individuals increases
body weight, body mass index, leptin and luteinizing hormone,
which is associated with increased estradiol levels and a
resumption of menstruation [112–114].
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